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Abstract 
Establishing usability specifications as measurable attributes in repeatable scenarios 
has been an essential task in the management and continuous improvement processes [1].  
Early studies in Usability Analysis were primarily conducted to assist software developers 
and hardware designers in improving the Human-Computer Interface (HCI) or Man-
Machine Interface (MMI). However, this study was conducted to provide comparative data 
supporting broad conclusions regarding the comparative merits of one technology (non-
stereoscopic, conventional CAD systems) competed against another (tracked, stereoscopic 
virtual environments).  Competing environments to establish usability features and 
preferences provides a new tool to the interface designer.  Benchmark scenarios were 
designed and executed to measure navigation, fault identification/repair, and spatial 
awareness through a sequence of choices and to provide user preference of one GUI 
paradigm over another functionally similar paradigm.    This study, performed on a ship 
design application, included an analysis of the effects of user collaboration in virtual 
environments. 
Keywords 
 
Design collaboration, Usability Analysis, HCI, Human-Computer Interface, Man-
Machine Interface, Spatial Awareness, VE’s, Virtual Environments, Virtual Reality, VR 
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1 Introduction 
1.1 Virtual Reality as a New Technology in Shipbuilding 
The use of virtual systems in manufacturing and design has dramatically assisted in 
the reduction of cycle time and improvements in design quality.  Unfortunately, 
implementation and transfer of the virtual technologies into shipbuilding has seriously 
lagged behind other industries, especially aerospace and automotive. 
In the past, physical mock-ups were developed for critical or significantly dense 
portions of a ship.  Such mock-ups were expensive and have since been replaced by virtual 
mock-ups based on only an electronically produced representation.  This step to virtual 
prototyping has been incorporated in products ranging from the Boeing 777 aircraft to many 
of the ships now produced at major shipyards.  However, experimentation by even the most 
advanced shipyards in the use of virtual reality techniques with real time, tracked, stereopsis 
has been significantly limited.  Current efforts at Boeing and in the automotive industries 
include virtual reality and augmented reality to improve design quality and cycle time.  
Boeing reports a 50% reduction in design cycle time with virtual systems [2].  NIST 
(National Institute of Standards and Technology) reports projects with successful 
implementations in manufacturing that involve widely differing industrial efforts [3].  The 
uses of virtual systems for manufacturing have been shown to improve factory operations 
and reduce costs.  Dramatic improvements in cycle time, manufacturing effectiveness, 
design quality, and design producibility are possible with properly constructed virtual 
environments. 
The focus of this project is to verify the benefits of using immersive environments 
demonstrated in other industries and to design a platform for operational testing and 
training programs within the shipbuilding industry.  Once completed, the project compiles 
information on implementation and utilization issues with an emphasis on comparative 
evaluation. 
Improvement of Virtual Environments (VE’s) for shipbuilding involve’s 
experimentation with virtual environments and interface paradigms to determine and 
quantify the advantages and limitations of each environment and user interface paradigms.  
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This work builds on the experience of Maxwell, King, and Butler [4] in the development of 
virtual environments for ship design and expands upon developments and achievements in 
Douglas Maxwell’s 2001 MSME thesis at Louisiana Tech University [5].  In Maxwell’s 
work, only one environment and one interface method was developed for a single user.  
However, shipbuilding is often a collaborative process in which there are multiple design 
and naval construction experts, each of whom must provide important technical input for 
the design process.  As an important expansion of the 2001 work, this research project 
focuses on development and enhancement of virtual environments to support multiple 
users.  Each environment and interface paradigm has advantages and limitations that need 
to be examined.  To ensure optimal performance, a competitive study is needed.  In 
response to these needs, this project completes both research and development activities 
designed to answer the technical questions of virtual environment use and to examine 
stereoscopic environments with collaboration among multiple technical experts. 
In shipbuilding, naval architects and engineers produce a design that involves 
construction of 3D products.  The ship as a product is considered the largest and most 
complex product routinely produced today.  The complexity of the product requires 
coordination among technical experts in structural design, piping design, ventilation system 
(HVAC) design, electrical design, human factors, marine engineering, production 
engineering, and other technical specialties.  The design of one technical specialist 
influences the design for another technical specialist, and the various technical specialists 
must collaborate to ensure that the ship performs as desired.  Although in the past this 
collaboration took place using a drawing as a representation of a portion of the product, 
with today’s technology representation of the product is electronic, and the collaboration 
occurs through an electronic representation of the product.  The objective of this research is 
to quantify the benefits of state-of-the-art, user friendly, real-time, stereoscopic, virtual 
environment to facilitate collaboration among technical specialists in shipbuilding. 
Virtual environments produce real time, 3D representations of geometry using 
tracked stereoscopic vision.  In conventional CAD, the user perceives and understands the 
design through a two dimensional interface, the workstation screen or other planar surface.  
User interaction with the product representation is limited by the two dimensional nature of 
the user interface.  In contrast, with a virtual environment the users experience a “like real,” 
three-dimensional representation of the geometry.  The users can interact with the product 
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design by viewing it from any angle or perspective.  The representation in a three 
dimensional virtual environment gives a designer a chance to experience the design before 
it is constructed in a way not possible with a planar image. 
1.2 Usability Analysis and Usability Engineering 
Methodical approaches to Usability Analysis and Usability Engineering (a discipline 
that provides structured methods for achieving usability in interface design during product 
development, [6]) have been evolving since the early 1970’s.  However, most investigations 
stem from the work of Gould and Lewis [7] with their discussion of three global strategies:  
1) early focus on users and tasks, 
2) empirical measurement, and  
3) iterative software design.   
Usability analysis and usability engineering techniques are gaining such wide 
acceptance and use that the International Standards Organization (ISO) has released the ISO 
9241-11 Guidance on Usability standard [8] to aid practitioners in its use. 
Many methods are utilized during the course of development and implementation 
projects to evaluate suitability of the HCI (Human-Computer Interface) or MMI (Man-
Machine Interface).  In addition to the work on industrial usability for the Naval Research 
Laboratory (NRL), Hix et al. have developed a battlefield visualization system using a User-
Centered Design and Evaluation process [9].  This process involves improving the user 
interface for a tactical display on a responsive workbench.  This battlefield visualization 
system includes an extensive effort for user interface design.  As an extension of that effort, 
Gabbard, Hix, and Swan [10] found that “comparatively little effort has gone into user 
interaction components of VE’s.  The user interaction components of VE applications are 
often poorly designed and rarely evaluated with users.”  Techniques for evaluating the 
usability of an immersive medical VE were reported by Gabbard et al. [11] in 1999.  This 
study centered on the use of eye-tracking as a mechanism for monitoring the HCI. 
As an initial step to development of an effective virtual environment, Gabbard, Hix, 
and Swan [10], Nielsen [12], and Poupyrev, et al. [13], advocate a user task analysis.  This 
involves the identification and complete description of tasks, subtasks, and methods 
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required for the use of a system.  A top down decomposition on a detailed basis is needed.  
Failure to accomplish a task analysis can result in poor user interaction design, and for this 
reason designer task analysis is accomplished with potential system users very early in the 
development process. 
In 2002, Thomas and Macredie [14] coined the term “New Usability” to include the 
extended usability required for emerging products and systems being provided to “digital 
consumers.” Expansion of usability analysis and usability engineering techniques to 
quantify CAD interfaces in distributed collaborative environments is an important step in 
production of improved, economically viable manufactured products. 
1.3 Research Question 
In 1965 Ivan Sutherland [15] stated the goal for research in computer graphics: to 
immerse the user in virtual worlds that look real, sound real, feel real, and behave properly 
as the user interacts with them. This simple statement has driven computer graphics 
research ever since.  
In his 1994 public lecture cosponsored by the Royal Academy of Engineering and 
the British Computer Society in London [16], then restated and updated in his 1999 IEEE 
VR Conference Keynote address [17], F. P. Brooks  poses two scientific questions that 
command the attention of the serious researcher in virtual worlds:  
1. Can we make systems that will give the realistic simulated experience described 
in Sutherland's challenge?  
2. If we can, what worthy tasks can the user of such tools accomplish that cannot be 
accomplished as well without them?  
On the first question, immense strides have been made over the past 35 years, and 
systems development seems to be within striking distance of the goal. Or, to put it another 
way, the virtual environments technology now works, but barely. Today's research can be 
summarized under four categories that make the virtual environments systems: 
• more realistic,  
• faster,  
• handier, and 
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• more faithful in model accuracy.  
With the use of virtual environments in shipbuilding, usability studies of multiple 
interfaces and environments can provide valuable measures upon which to statistically 
compare the viability of such environments in the collaborative engineering design and 
review processes in shipbuilding applications.  The research question becomes:  Are the 
new, more complex and expensive (compared to traditional, non-stereoscopic CAD) 
systems worth the additional costs? 
1.4 Dissertation Roadmap 
The remainder of this document discusses this existing research and literature on the 
use of virtual reality in design environments including background, needs, hardware, 
software, interfaces, and applications.  Usability analysis and engineering techniques are 
discussed. 
Following the literature and research review the document describes the research 
environments, measuring instruments (Benchmark scenarios), measures, and analysis 
techniques used to prepare the results presented in the document.  Detailed results of 3-pass 
average and final pass user objective and subjective measures of four user interface 
environments (two non-stereoscopic and two Virtual Reality or VR), including statistical 
analysis of the results, are presented. 
The focus of this project is to: 
1. identify the environment and interfaces to be compared 
2. define the usability attributes (e.g., navigation) 
3. develop the measuring instruments (scenarios and Benchmarks) 
4. define the values to be measured 
5. identify the user groups 
6. execute the tests and collect the data 
7. analyze  and report the results. 
The document presents overall conclusions from the analysis of the study results and 
presents topics for additional study.  Several appendices are included to present the detailed 
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(pass-to-pass) Benchmark results for each pass of each Benchmark for each user group 
(novice and experienced). 
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2 Review of the Literature 
2.1 Virtual Reality 
In 1962 Ivan Sutherland developed a light pen with which images could be sketched 
on a computer. Sutherland's first computer-aided design program, called Sketchpad, opened 
the way for designers to use computers to create blueprints of automobiles, cities, and 
industrial products. By the end of the decade, the designs were operating in real time [18]. 
In an invited lecture to the 1965 IFIP Congress entitled “The Ultimate Display,” Sutherland 
[15] was among the first researchers to discuss the possibilities of 3D systems in design 
environments including a head-mounted display and the use of the 1st crude pointing device 
(computer mouse, patented in 1970) developed by Douglas Engelbart [18] in 1964. 
To create the illusion of depth, VR software is constantly calculating the two views 
of its virtual world to correspond to the way the eyes see the same scene from slightly 
different angles.  The two images, each from a slightly different perspective, are sent to 
viewing screen(s) in a synchronized fashion.  Between the screen(s) and the eyes are shutter 
glasses; polarizing filters, that allow the left-eye/right-eye views to be seen by alternating 
the polarization to allow only one view to reach the left or right eye [19].  Shutter glasses 
alternate viewing between the left/right eye 120 times per second.  Synchronization is 
maintained by an infrared emitter that keeps the computer generated image and the left or 
right eye of the shutter glasses operating correctly.  This shuttering effect happens too 
quickly for the user to note the change (persistence) and the viewer’s brain processes the 
two visual inputs as depth. 
Interaction with a three dimensional virtual environment can be accomplished using 
three dimensional wands or flightsticks, using data gloves that can grasp and move part of 
the design, or with voice commands.  Early experimentation in 1998 by Chu, Dani, and 
Gadh [20] with these techniques shows that by using a virtual world for design processes, 
speed up in design is accomplished by a factor of five or ten.  The research by Chu et al. 
focused on design synthesis at the conceptual level with wands, gloves, and voice.  It did 
not focus on collaborative processes for a multiple person design review or collaborative 
sessions.  Further, although clearly seminal in nature, the work of Chu et al. stopped 
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significantly short of a correctly executed usability analysis.  The focus of this work 
includes the type of usability analysis for virtual environments, pioneered by Gabbard, Hix, 
and Swan [10] at the Naval Research Laboratory (NRL).  The results are provably superior 
methods for the user to interact with the virtual environment.  
The data glove is one means of control within the virtual space.  At the end of each 
finger, a light emitting diode (LED) shines light through optical fibers woven into the 
glove’s material.  These fibers carry the light up the fingers to phototransistors at the base of 
each finger.  As a finger bends, it compresses the optical fiber so that less light passes 
through it.  The phototransistors constantly measure the varying light intensities and send 
that information to the VR software. 
The wand and data glove each have a sensor to track the movement of the hand 
through six degrees of freedom (6DOF, x-axis, y-axis, z-axis, roll, pitch, and yaw).  The 
software uses the data from the wand or glove’s 6DOF sensor and fiber optics to calculate 
the position and orientation of either the wand or hand and fingers.  Then, the software 
modifies the screen’s display of the user (hand or arrow) to match the position of the glove 
or wand [21]. 
Virtual Environments (VE’s) offer new possibilities and challenges to HCI design, 
but have been noted for being significantly more difficult to design and use than traditional 
CAD interfaces [22].  In 1996 studies by Kaur et al. [23], they showed that designers lacked 
a coherent approach to interaction design and appeared to be preoccupied with difficult 
technical issues and thought little about supporting user interaction.  This concept was 
further reinforced by the COVEN Project [24] as part of the European ACTS program 
addressing generic requirements for Collaborative Virtual Environments (CVE’s) to include 
such problems as disorientation, perceptual misjudgements, and difficulty finding 
available interactions.  These problems were shown to result in user frustration during 
early training sessions dissipating with further exposure to the environment [23;25]. 
In a 1998 report on the 21st century warship, Baum, Boudreaux, Bourassa, and 
Jenkins [26] discussed the viability of 3D structural models using the Deneb 3D-
visualization tool which allows the designer to take a “virtual walkthrough” of the 3D 
model.  They stressed how the ability to detect and correct any errors before construction 
begins resulted in lower construction costs and shortened construction schedules.  This 
paper and the ship construction programs to which it related stopped short of the current 
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research because stereoscopic environments and wand/glove gestural interfaces were not 
used. 
2.1.1 Interface and System Studies 
Many studies have been performed to investigate Human-Computer Interface (HCI) 
actions in both traditional CAD and design environments.  As early as 1990, researchers at 
Matsushita Electric Works, Ltd. were investigating VR for use in industrial applications at 
Matsushita Electric Works, Ltd.  In 1999 Nomura and Sawada [27] reported on these 
applications including the Virtual Space Support System developed in conjunction with 
Kansei Engineering.  
In an early VR study (1993) by Ware et al. [28], head tracking in the desktop 
environment was shown to improve the user’s ability to understand complex 3D structures.  
The study was primarily performed to demonstrate the use of normal mid-range 
workstations, thereby, enabling a wide range of affordable 3D systems.  As early as 1992, 
Bolt and Herranz [29], discussed two-handed gestural interfaces and in a 1995 ACM paper, 
Wexelblat [30] described a gesture analyzer to capture natural, empty-handed gestural 
commands that may be translated into any appropriate action in the VR space.   
An early CAVE (Cave Automatic Virtual Environment) was first reported as an 
implementation of VR technology by a PhD student, Carolina Cruz-Niera.  The 1992 Cruz-
Niera et al. [31] work first described the application of mirrors and folded-optics for 
immersive display as opposed to the traditional HMD (head-mounted displays) previously 
used in VR work.   
In their 1999 study, Gabbard et al. [11] used a medical visualization testbed for 
evaluating eye tracking as a mechanism for monitoring user activities in fully immersive 
virtual environments.  The study centered on the use of eye-tracking as a mechanism for 
monitoring human activity in VE’s, and more specifically, as an instrument to facilitate 
formative usability evaluation of fully immersive VE interfaces. 
Several testbed and developmental study systems were first reported in 1997.  The 
need for both navigation and control (manipulation) for both mouse-based and 3D input 
devices was discussed by Hand [32].  VRMAT (Virtual Reality Manipulation Assessment 
Testbed), a test system for studies of measurement techniques in virtual environments by 
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Poupyrev et al. [13], stressed a systematic task analysis of immersive object manipulation 
techniques and user spatial awareness. 
In their 1997 report to the ACM, Stork and Maidhoff [33] discussed the uses of 3D 
input devices in virtual environments to do sketching and the need to introduce a new 
paradigm to bridge the gap between sketching and detailed 3D design.  Feature-based CAD 
in virtual environments was addressed from the viewpoint of process-planners by Trika et 
al. [34].  Their method of feature specification implicitly enforces feature accessibility 
constraints, and by including navigation and collision detection, provides a possible method 
for implying the order in which features may be manufactured. 
In other 1997 studies, Tushar et al. [20;35] reported on the COVIRDS (Conceptual 
VIRtual Design System) which stressed the use of hand-tracking devices and voice 
commands in VR design environments.  This work demonstrated the relative efficiency of 
the interfaces in specifying shapes and dimensions in product design. 
In 1998, Jayaram et al. [36] reported on another VR design environment, VADE 
(Virtual Assembly Design Environment), that focuses on using virtual interfaces in 
commercial CAD systems.  VADE’s features included realistic user interaction with parts 
within the design space, collision detection in real-world engineering models.  The VADE 
system was based on an earlier study (1997) by Jayaram et al. [37]. 
A call for more studies in the use of VR and augmented reality technology in 
product design and realization was made in 1999 by Lu et al. [38].  Specifically the authors 
called for new paradigms to efficiently deliver new products to society across time and 
space.  In their 1999 work, Bowman et al. [39] describe testbed methods for evaluation of 
common VE tasks including test results that provide an empirical basis for choosing 
interaction techniques in VE applications that produce measurable usability gains. 
Evans, Vance, and Dark [40] reported on a 1999 study in which users rated their 
ability to interact with design images using a traditional CAD and a VE interface; their 
preferences; and their subjective feelings about the interfaces.  The report stresses that 
participants preferred a traditional interface for interaction tasks and a VR interface for 
visual tasks.  
A detailed description and analysis of voice/glove VR controls was the basis of the 
1999 Brown University, Computer Science Master’s thesis of Joseph LaViola [21].  His 
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research and thesis examines the two modalities (hand and voice) individually and in 
combination.  He also describes two application prototypes (Multimodal Scientific 
Visualization Tool and Room Designer) which were used as a basis for the Voice/Glove 
interface presented in this study.  In 2000, Rosenfield et al. [41], also reported encouraging 
results for HCI speech-based interfaces which were further refined in a 2002 
implementation of speech recognition in VR presented by Dorkjkinw and Vance [42]. 
SeamlessDesign, a flexible, collaborative, virtual workspace for rapid prototyping, 
was reported by Kiyokawa et al. [43].  Their 2000 study utilized a shared VR environment 
stressing parallel, collaborative activities in the design space.  Another design VR study in 
2000 by Kuester et al. [44], documents DesignersWorkbench, using a two-handed virtual 
interface allowing “collaborative development in a semi-immersive” virtual environment.  
Also in 2000 Omata et al. [45] discussed the use of gestural-based interfaces for 
international communications between real and virtual environments.  The Virtual Round 
Table is another collaborative, augmented, multi-user, VE that was reported in 2000 to the 
ACM by Broll and Schardt [46].  The Virtual Round Table was designed to support 
location-independent mixed reality applications and preserve traditional verbal and non-
verbal (gestural) communications mechanisms. 
The 2001 literature also shows much interest in adding haptic feedback to VR 
design systems.  Vance and Volkov [47] report on a study of the effects of adding a haptic 
device to a VR design environment using 76 participants.  Their results indicate that the use 
of haptic devices resulted in faster decisions, but the group did not make more accurate or 
precise evaluations.  VE remote collaboration techniques using visual (head-mounted), 
aural, and haptic interfaces (tele-presence) were reported for a laptop PC docking station 
design and for medical robotics by Ansar et al. [48].  
CU-Ergo, the Cornell University Ergonomics Web [49],  is an excellent source of 
current information of the ergonomics of VR systems.  The site presents information from 
research studies and class work by students and faculty in the Cornell Human Factors and 
Ergonomics Research Group (CHFERG), directed by Professor Alan Hedge of the 
Department of Design and Environmental Analysis at Cornell University.  CHFERG 
focuses on ways to enhance usability by improving the ergonomic design of hardware, 
software, and workplaces, to enhance user comfort, performance and health in an approach 
dubbed Ergotecture. 
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2.1.2 Collaborative VR Design Studies 
In 1997 Connor et al. [50] presented TeamCAD as one of the first uses of a Wide-
Area Network (WAN) as an immersive tool for collaborative design.  Later studies (Sky 
and Buchal  [51], Kan et al. [52], and Woo et al. [53;54]) discuss the use of the Internet as 
the mechanism for distributing the collaborative design tasks.  Also in 1997, Lea et al. [55] 
demonstrated the Wide Area Virtual Environment (WAVE) system collaborative Virtual 
Environment (CVE) based on the Internet.  The globalization of VR design environments 
based on an internet communications infrastructure was discussed in a presentation by 
Horvath et al. [56] before the 2002 International Design Conference in Dubrovnik.  The 
presentation stressed that the internet-based CAD/E system they examined showed poor 
performance compared to conventional standalone systems.  They concluded that new 
infrastructure, methods and knowledge are needed in the form of collaborative virtual 
design environments (CVDE’s).  
The ergonomics of VR collaborative techniques with one- and two-person teams in a 
virtual environment to move large objects through a cluttered environment was reported by 
Gill and Ruddle [57] in 1998.  Topics investigated by the project include real-world vs. VE 
object rotation, movement interfaces for cluttered VE’s, methods for providing body force 
feedback when handling "heavy" virtual objects, and one- and two-person versions of the 
piano movers problem (moving a large object through a cluttered environment). 
In 2003, Anderson et al. [58] demonstrated a VE DesignStation providing a virtual 
environment application for conceptual design for architectural projects based on a 
collaborative 3D design process that included not only imagery and a critiquing process as 
well, but also included the use of a toolbox and the ability to work in more than one scale 
simultaneously. 
Blue-C, a telecollaboration system including 3D representation of objects with a 
gestural interface was described by Disz et al. [59] in a 1995 international workshop on 
graphics and applications.  This system was elaborated upon as an application of the 
telecollaborative network at the ETHZ (the Swiss Federal Institute of Technology) in Zurich 
in a presentation by Spagno and Kunz [60] at the 2003 IEEE Conference on Virtual Reality.  
In 1997, Lehner and DeFaranti [61] reported on CAVERN, the CAVE Research Network; 
an alliance of industrial and research institutions equipped with CAVE-based virtual reality 
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hardware and high-performance computing resources, interconnected by high-speed 
networks, to support collaboration in design, education, engineering, and scientific 
visualization.  This network is being developed to support collaborative vehicle design, 
engineering, training, and visualization techniques over distance.  Also in 1997, A. Rowell 
[62] presented a sound case for the benefits of group (collaborative) VR, while Tromp and 
Snowdon [63] reported on the use of a VR, conferencing system (MASSIVE) to verify the 
use of networking to aid collaborative design decisions.  Good results were reported by 
Anumba and Duke [64] for a 1997 CICC (Collaborative Integrated Communications for 
Construction) project, a European pilot project for evaluating the use of the Internet and 
Intranet as an infrastructure for VR project teams in the construction area.   
A Bochenek et al. [65] 2001 study of collaborative use of virtual 3D display systems 
for US Army design review purposes showed that teams detected design errors faster when 
using VE interfaces and that subjective perceptions and preferences data analysis indicated 
that stereoscopic systems were preferred.  Also in 2001, Vance and Yeh [66] reported on a 
study of engineering design sensitivity and optimization in VR.  The study centered on the 
use of the environment to investigate multiple design changes while viewing and 
manipulating virtual objects and demonstrated “better designs achieved in a timely 
manner.” 
An ACM Conference on Collaborative Virtual Environments paper, presented in 
2000 by Fraser et al. [67], discusses many issues in the use of collaboration virtual 
environments with an emphasis on the problems inherent in the process rather than the 
actual systems interface itself.  At another 2000 ACM VR conference, E. Swing [68] 
discussed the collaborative capabilities of the Collaborative Virtual Workspace and efforts 
to augment the system with an immersive display capability rather than adding 
collaboration to an existing immersive VE.  In another design collaboration study reported 
in 2000 by Kolarevic et al. [69], the Virtual Design Studio (VDS) environment was used by 
design-team members at three academic institutions.  The study showed that team members 
could successfully work on a building design at any place (over distance), simultaneously 
(synchronously), or separately (asynchronously), while the latest state of the design would 
always be available in a shared database.  In 2001 Tay and Ming [70] also used the VDS to 
study VR concurrent engineering techniques across the Internet.  Also in 2000, Bergman 
and Baker [71] reported on the issues of enabling technologies for distributed collaboration 
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in virtual design environments at the Jet Propulsion Laboratory.  The report identified the 
types of data frequently exchanged to be: project planning data, design data, notes, 
documentation, communications data, analysis/performance data, verification data, and 
scientific data.  They suggest that existing MIS GroupWare packages can form a basis for 
this sharing of scientific data. 
Campbell and Wells [72] describe the role of VR in schematic design, through 
design development to presentation and evaluation. Their 2003 study comments on the 
effects of VR on detailed design in architectural environments and states that VR proved to 
be advantageous in several phases of the design. They stress the need for designer toolkits 
specific to the environment and call for closer collaboration techniques including multiple 
markup capabilities with software enhanced to evaluate alternative designs.  
In 2003 Chipperfield and Vance [73] presented to the ASME a unique VR 
application, VRHose.  The application allowed designers to use VR techniques to design 
hydraulic hoses including routing designs within hose applications by defining points in 
space which constrain the hose path. VR is used as the HCI to provide 3D viewing and 
interaction with digital models.  Future versions are to include hose material properties 
which can constrain hose paths to those which are feasible. 
An assessment of VR techniques and systems applied to product realization across 
the product development lifecycle is discussed by Jayaram et al. [74].  The assessment 
discusses methods beyond virtual design including visualization of virtual manufacturing 
and virtual assembly processes including engineering analysis and visualization of analysis 
of results in collaborative environments. 
At the 1996 ASME conference on computers in design engineering, Gaisemier et al. 
[75], discussed the integration of VR design, modeling, manufacturing, and process 
engineering, and in 1997 Gupta, Whitney, and Zelter [76] reported studies of design 
prototyping and analysis in virtual environments.  In other conference activity, a 2002 ACM 
conference paper by Thomas and Macredie [14] discussed the “new usability” as a usability 
engineering technique for evaluating emerging products and systems for digital customers.   
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2.2  Evaluation Methods 
Gray and Boehm-Davis [77] discuss cognitive task analysis as a means of providing 
descriptions of the declarative knowledge possessed by domain experts.  Their work 
specifically details a family of cognitive process analysis techniques (GOMS) that help 
describe activities that occur in parallel, eg., multiple user movement through a design 
space.  
The methods used at NRL and advocated by Hix et al. [9] include a three-step 
evaluation process.  This three-step process involves: 
1) heuristic evaluation, 
2) formative evaluation, and 
3) summative evaluation. 
Each of the usability evaluations provides input to the next stage of evaluation, and 
each evaluation technique has a successively higher evaluation cost, as shown in Figure 1.  
This research project uses these successive evaluation types because of the successful prior 
implementation at NRL, thereby avoiding the pitfalls of many virtual systems described by 
Gabbard, Hix, and Swan, [10] where, “many visually compelling VE’s are difficult to use 
and thus unproductive.” 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1 – Designer Centered Design and Evaluation Processes [78] 
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2.2.1 Hueristic Evaluation 
As the first process, an independent expert or experts undertake heuristic evaluation 
of the user interface.  The interface is examined in a two-pass approach [79].  For the two-
pass evaluation each expert first gains a general understanding of the flow of interaction and 
then repeats the review process to identify specific interaction components and conflict 
[80].  Further guidelines are available specifically for virtual environments [14] including 
195 guidelines covering virtual environments. 
 
2.2.2 Formative Evaluation 
The second evaluation process is formative evaluation in which users are employed 
to evaluate the virtual environment interface [81].  There is a usability specialist to proctor 
the process in which users perform tasks as evaluators collect data.  The formative 
evaluation includes five steps that are conducted iteratively. These steps include: 
• development of task scenarios, 
• representative users perform the scenarios, 
• evaluators collect data, 
• VE designers and evaluators suggest improvements, 
• VE designers and evaluators refine task scenarios.   
Typically, critical incidents occur in which quantitative and qualitative data is 
developed.  The quantitative data shows that a problem occurred, and the qualitative data 
tends to indicate where the problem occurred. 
 
2.2.3 Summative Evaluation 
As the most expensive form of evaluation, summative evaluation is used to 
statistically compare final forms of VE design, typically after completion of formative 
evaluation.  Scenarios developed during the formative evaluation process are refined for use 
in evaluating final virtual environment interfaces through summative evaluation.  The 
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results are a specific and quantitative answer to questions regarding which interface 
performs better [9]. 
In their textbook on evaluation and measurement, Sarvela and McDermott [82], 
compare the purposes and issues concerning the various stages of the evaluation process in 
usability analysis.  Table 1 presents their analysis of formative and summative evaluations. 
It is apparent that the science of user centered interface design for virtual 
environments (VE) is developing.  As a part of this development Hix and Gabbard [83], 
authored a taxonomy for usability characteristics as their contribution to the science of VE 
interface design.  They argue that the day of “let’s build it and see what happens” is over, 
and future research should be focused on the use of user centered design methods.  
Others that have studied interface design for virtual environments [84] have also 
argued for user-centered design of the interfaces [10].  Theoretical models, such as those 
reported by Kaur [85], have also been developed to support design of virtual environments, 
and competitive studies have been conducted by Evans, et al. [85] that are similar to the 
competitive study offered in this proposal.  However, all possible manipulation tasks cannot 
be assessed.  Thus, as discussed by Gabbard, et al. [13], it is important to identify a small 
and representative set of tasks from which to assess the system design, and this argues for 
the methods developed by Gabbard, Hix, and Swan [10], in which scenarios are constructed 
for typical cases as part of their user centered methods. 
Table 1 – Comparisons of Formative and Summative Evaluation [82] 
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As an important adjunct to the development of virtual environment interface 
paradigms, the use of testbeds is suggested.  Poupyrev, et al. [13] argue for in depth 
experimental studies because “there is still insufficient understanding of the essential 
characteristics and parameters of VR manipulation.”  Their VRMAT system allows in depth 
studies, but it does not consider voice, gesture, and gaze.  In a similar testbed, Bowman et 
al. [39] advocate evaluation of interaction techniques based on detailed empirical studies.  
They contrast this evaluation process with usability studies, and it is clear that information 
from a testbed study would be helpful in the development of virtual environments.  
However, the use of a usability analysis for interface design focuses on generation of a 
system for a specific purpose, such as Design Evaluation.  Therefore, testbed studies are 
useful but do not fit the current research due to their limited scope. 
 
2.2.4 Usability in MMI Evaluations 
In the preparation of formal usability methods and evaluation techniques “rule of 
thumb” examinations are included in the development of Benchmarks and scenarios.  As 
early as 1991, user interface studies by Jeffries et al. [81] showed that heuristic evaluation 
methods identify significantly more problems than any other method.  Jacob Nielsen 
[79;86] presents a list of 10 usability heuristics as an aid to MMI usability testing 
development, repeated here as Table 2. 
Evaluations of the usefulness of the interface methods are based on standard, 
Benchmark user scenarios defined in terms of the user action notation described in the 1988 
work of Chin, et al. [87].  These Benchmark scenarios present a set of baseline standards for 
comparing these interfaces. 
Usability specifications are “quantitative usability goals, that are used as a guide for 
knowing when an interface is good enough” [78].  The phase “good enough” indicates that 
the goals are set high and that iterative refinement approaches are used to continuously 
improve the hardware, software, interfaces, and training to converge toward a successful 
result.  However, without a usability metric, changes may not result in a more usable 
interface.  Therefore, based on the maxim “if you can’t measure it, you probably can’t 
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manage it,” establishing usability specifications as measurable attributes in a repeatable 
scenario is an essential task. 
 
Table 2 – Usability Hueristics in MMI Testing [79;86] 
 
 
2.2.4.1 Usability Analysis Techniques 
Typically, Usability Analysis is used to evaluate and/or develop user-friendly 
software.  This study employs Usability Analysis techniques to prove the research 
hypothesis and appears to be a unique application of Usability Analysis techniques. 
Early studies in Usability Analysis were primarily conducted to assist software 
developers and hardware designers to improve the Human-Computer Interface (HCI) or 
Man-Machine Interface (MMI).  For example, Benchmark scenarios were designed and 
executed to choose a means for users to navigate through a sequence of choices and to 
provide confirmation of a preference of one GUI paradigm over another functionally similar 
paradigm. 
This study was conducted to provide comparative data supporting broad conclusions 
regarding the comparative merits of one technology (conventional, non-stereoscopic CAD) 
competed against another (tracked, stereoscopic virtual environment) in a ship design 
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application.  This is an apparent new use for Usability Analysis, the development of a 
competitive evaluation. 
Usability Analysis techniques establish usability metrics as measurable attributes in 
repeatable scenarios in order to provide a measure that is useful in the context of the 
comparative study.  It is used to produce numerical, qualitative, and anecdotal information 
for comparative evaluation of the conventional and virtual environments under observation. 
 
2.2.4.2 User-Centered Development/Usability Specification Tables 
A major portion of this project is focused on evaluation of the usability of the user 
interfaces with conventional and immersive virtual environments; to iteratively refine the 
interfaces based on standard, Benchmark user scenarios defined in terms of the user action 
notation described in the work of Chin, et al. [87]. 
A Usability Specification Table provides a tabulated summary of usability 
characteristics, measuring instruments, and acceptable/planned/best values associated with 
each characteristic.  Such tables were suggested by Whiteside et al. [80], and further refined 
by Hix and Hartson [78].  Each area to be measured is quantified with attributes, measuring 
instruments (normally Benchmarks and scenarios) that can be standardized with measures 
for acceptable characteristics with observed results for many classifications of users from 
novice (training modes) to experienced, expert users and trainers. 
Table 3 presents a sample Usability Specification Table.  Here the Usability 
Attribute to be measured is navigation in a traditional CAD system.  The Benchmark test, in 
this sample which is Benchmark 1, measures navigation using an 86” screen for display (the 
environment).  The value to be measured is the elapsed time required to navigate through 
the display space, find specific items within the space, and identify the item’s location.  The 
specification then shows that the Benchmark requires the user to perform the operations on 
4 distinct items in each test (pass).  This means that the user executes the Benchmark 3 
times and the tester records elapsed times for each distinct item (part).  Upon completion of 
the testing, the elapsed times for each part and pass are summed for later analysis.  It should 
also be noted that the specification presents some target levels of results.  These are, in this 
case, elapsed times determined (estimated) by the developers and users that are acceptable, 
planned, and “best possible” 
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Hix and Hartson [78] define the usability attribute as: “the general usability 
characteristic to be measured for an interface” and suggest the following as common, 
measurable usability attributes: 
• 1st impression – user’s reaction to the presentation of the system 
• Initial performance – user’s performance during the very first use 
• Long-term performance – user’s performance during more constant use 
• Learnability – how quickly and easily users learn to use the system  
• Retainability – how well users retain what they have learned over time 
• Advanced feature usage – helps determine use of complicated actions. 
• Long-term user satisfaction – user’s opinion of the system after protracted use. 
•  
Table 3 – Sample Usability Specification Table [88] 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Skill decay after periods of skill disuse is well known and has substantial 
implications when relatively long periods of time separate training from the application of 
learned skills. In a 1998 study of VR interface training, Hall et al. [89] examined the 
differential effects of virtual reality versus conventional computer-based media on skill 
retention. The results reported were consistent with earlier research showing that VR may 
not be superior to conventional electronic media for training certain intellectual skills.  
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However, usability attributes should be chosen according to the identity of the intended 
users and what representative tasks are to be utilized across these users and user groups. 
The measuring instrument is a description of the method of determining the values 
for the usability attribute and may be broadly classified as objective (observable 
quantitative) measures or subjective (quantifiable opinion) measures of the attribute.  The 
measuring instrument is normally a description of a scenario presented to the user 
describing the system conditions prior to the action(s), the user action(s), and the desired 
system conditions after the user action(s).  The performance of the tasks provides a required 
objective usability metric.  Often these scenarios are documented as Benchmarks for 
repeatable observation. 
Questionnaires can be used for collecting subjective measures from users and works 
well for quantifying user satisfaction with an interface.  For this project, a variation of the 
Questionnaire for User Interface Satisfaction (QUIS) developed at the University of 
Maryland by Chu et al. [20], is used as a baseline for measuring user satisfaction.   
In the October 2001 Society for Technical Communication newsletter, Lund [90] 
discusses a number of issues that tend to recur in the life of an interface design and suggests 
that the USE Questionnaire (Usefulness, Satisfaction, and Ease of use and learning) appears 
to help interface evaluation by providing a mechanism for subjectively measuring these 
characteristics that tend to drive user satisfaction.  His work describes the kinds of questions 
that tend to provide “a good sense of what is usable and what is not.”  Sample questions 
reflect on: 
1) Usefulness  
1.1) It helps me be more effective.  
1.2) It helps me be more productive.  
1.3) It is useful.  
1.4) It gives me more control over the activities in my life.  
1.5) It makes the things I want to accomplish easier to get done.  
1.6) It saves time when I use it.  
1.7) It meets my needs.  
1.8) It does everything I would expect it to do.  
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2) Ease of Use  
2.1) It is easy to use.  
2.2) It is simple to use.  
2.3) It is user friendly.  
2.4) It requires the fewest steps possible to accomplish what I want.  
2.5) It is flexible.  
2.6) Using it is effortless.  
2.7) I can use it without written instructions.  
2.8) I notice no inconsistencies as I use it.  
2.9) Both occasional and regular users would like it.  
2.10) I can recover from mistakes quickly and easily.  
2.11) I can use it successfully every time.  
3) Ease of Learning  
3.1) I learned to use it quickly.  
3.2) I easily remember how to use it.  
3.3) It is easy to learn to use.  
3.4) I quickly became skillful with it.  
4) Satisfaction  
4.1) I am satisfied with it.  
4.2) I would recommend it to a friend.  
4.3) It is fun to use.  
4.4) It works the way I want it to work.  
4.5) It is wonderful.  
4.6) It is pleasant to use. 
4.7) I feel I need to have it. 
 
The effectiveness of virtual environments (VE’s) has been linked to the sense of 
presence reported by those users of VE’s; where presence is defined as the subjective 
experience of being in one environment, even when one is physically in another.  This can 
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be described as a normal awareness phenomenon that requires directed attention and is 
based on the interaction between the sensory stimulation, environmental factors that 
encourage involvement and enable immersion, and internal tendencies to become involved.  
Witmer and Singer [91] use these factors and others as the basis for a presence 
questionnaire (PQ) to assist in making these subjective measurements in VE’s.  They also 
developed an immersive tendencies questionnaire (ITQ) to measure the differences in the 
tendencies of individuals to experience presence.  The PQ and ITQ are noted to be 
internally consistent measures showing a weak but consistently positive relationship 
between presence and task performance in VE’s. 
The value to be measured provides the metric for which the data are collected under 
the specific conditions outlined in the scenario description.  Common objective measures 
are: time to complete a task and the number of errors encountered during the performance 
of the task.  An important part of the design of the usability assessment is the determination 
of what constitutes an error.  In assessing the usability of virtual environment activities such 
errors might include: invalid commands initiated via the user interface or 
inaccurate/incomplete results of the operations.   
Scenario/Benchmark identification, generation and documentation is an important 
part of this project.  Working with novice and experienced CAD designers the investigators 
identify common 3D design activities and prepare detailed descriptions of these activities.  
The documentation of these processes is carried out using the user notation formats 
described in the work of Chin et al. [87] to produce consistent, repeatable scenarios in the 
virtual environment. 
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3 Competitive Usability Study of Shipbuilding VE’s 
3.1 Need 
As described in the literature, many studies of VR and VE equipment, environments, 
and systems are documented that span a vast array of applications from meta-data display to 
medical training and aircraft design.  However, there is very little work reported on the use 
of VR and VE in shipbuilding applications and even fewer studies of the appropriateness of 
their user interfaces.  This project addresses that void via the application of Usability 
Analysis (UA) techniques to compete several VE’s and interfaces that are currently 
available to the industry.  This study is performed to define appropriate measures and 
mechanisms for collecting these data so that a statistically rigorous analysis can be 
performed to identify and quantify the “best” environment/interface for use in a 
shipbuilding context. 
3.2 Usability Tests for Systems and Interfaces 
In order to assure consistent results across a broad user spectrum, the principles of 
Usability Analysis are applied to this virtual design environment project.  The aim 
throughout the project is to enforce a well-developed user interface development process.  
Standard configurations, metrics, measures, benchmarks, and scenarios are developed, 
implemented, and the results are analyzed. 
3.2.1 Specify Standard User Configurations 
A standard user configuration for the ImmersaDesk system was specified to include 
hardware, software, interfaces, and network requirements.  Such configurations define the 
environments for local and distance users.  Metrics and traceability were used to help 
collect accurate data for usability analysis. 
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3.2.2 Usability Tests of Systems and Interfaces 
During the design and development stages of the project, investigators identify 
metrics that provide measures of many attributes of the systems.  In this phase, suitable 
standards, metrics, and acceptable values are defined for reporting system attributes such as:  
• Effectiveness 
• Ease of use 
• Performance 
• Maintainability 
• Learnability 
• Retainability.  
3.2.3 Identify and Document Basic User Functions as Benchmark Scenarios 
Operational sequences of basic functions were developed into standard Benchmarks 
also including summative usability metrics.  As described by Nielsen and Phillips [92], 
estimating values for absolute user performance shows very high variability, but choosing 
the fastest of the alternative designs has “a net present value more than 1,000 times the cost 
of getting the estimates.”  Using this information as a basis, a library of basic functional 
scenarios with associated acceptable measurement values (elapsed times for 
navigation/object manipulation and object placement offsets) was created from which user 
or operations specific Benchmarking tests were created for evaluating both systems and 
users in a consistent, repeatable manner.  
3.3 Environments/Interfaces 
This study attempts to quantifiably identify the “best” of four user-centered design 
environments by performing a set of project specific Benchmarks to determine the usability 
of each environment.  The environments tested were: 
• W/S: Standard 19” screen, CAD workstation (W/S) for rendering perspective 
representations of a 3D ship space to a 2D screen.  This environment uses 
conventional non-stereoscopic/mouse-driven interface design review and 
evaluation tools and is relatively inexpensive.  The environment is consistent with 
CAD and engineering software commonly employed in practice, and therefore 
represents scenarios consistent with conventional practice.  
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• 86” Non: A similar CAD workstation utilizing the same non-stereoscopic/mouse-
driven interface design review and evaluation tools but projected, without 
stereoscopic viewing, on the 86” ImmersaDesk screen.  Essentially, 86” Non is 
the same as a W/S with a large screen.  The use of the 86” screen allows for 
evaluation of screen size as a factor in system testing. 
• Wand: A more complicated, more expensive, fully tracked implementation of a 
stereoscopic, wand-driven interface projected in the 86” stereoscopic 
ImmersaDesk environment.  The wand is used to direct activity in the virtual 
environment as a gestural interface. 
• Glove: A similar, more extensive, multi-modal, gestural interface with a fully 
tracked implementation in the stereoscopic environment using a voice-command 
and right-hand data-glove interface and design review tools. 
3.4 Scenarios/Passes/Groups/Data 
Figure 2 diagrams the dimensions of testing performed in each of the four study 
environments.  The horizontal axis of the diagram shows that within each environment the 
testing is performed by each member of 2 user groups (15 novice and 15 experienced 
designers).  The vertical axis shows that each test is performed 3 times (passes).  The third 
axis shows that 3 distinct test scenarios (Benchmarks) are executed.  With each Benchmark, 
a quantitative measurement of both user interface performance is recorded.  Additionally, at 
the completion of each pass, a subjective user’s evaluation (rating) is recorded via a 
questionnaire/survey reflecting of the user’s opinion of the interface. 
Each Benchmark is comprised of a set of objective measures and subjective 
measures.  For Benchmark 1 (navigation) and Benchmark 2 (error identification and object 
manipulation) the measure is the elapsed time to perform each portion of the test.  For 
Benchmark 3 (spatial awareness) the objective measure is a distance measurement of 
perceived placement of an object vs actual placement (offset, in mm). 
The subjective portion of each Benchmark, in the form of a questionnaire, was 
administered at the completion of each pass.  The survey was a means for the users to 
provide their impressions of the environment/interface during that portion of the testing 
sequence.  Figure 4 provides an example of the survey form showing each of the 22 specific 
items rated (scale: 1-5, poor – very good).  Altogether, more than 10,580 distinct points 
were collected during the study.   
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Figure 2 – Test/Data Dimensions 
As another means of representing the dimensions of the usability tests, Figure 3 
shows the typical groupings, levels, and layers of the tests performed.  This figure is shown 
for Benchmark 1, but the other 4 Benchmarks are similar. 
 
Figure 3 - Benchmark Test Groupings and Layers 
This study was performed using two groups of testers.  Each group was composed of 
at least 15 novice or 15 experienced users.  The Novice User group consisted of primarily 
undergraduate engineering students with little actual ship design experience.  Novice users 
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were selected to help define the intuitiveness and learnability of the interface. The 
Experienced user group was comprised of a cross-section of designers experienced in a 
variety of ship design related specialties including: electrical, layout, piping, etc.  The 
competence level of this group ranged from two to eighteen years of direct ship design 
experience. 
This study developed three Benchmark scenarios to be performed as the basis of the 
investigation.  Each was designed to test specific attributes of the interfaces within each of 
the environments.  Each hands-on test was followed with the questionnaire/survey designed 
to elicit the subjective evaluation of the interface/environment from each user.  Figure 4 
shows the questionnaire/survey used. 
 
Figure 4 – Usability Questionnaire 
Each user executed each Benchmark three times (passes) with the starting 
environments randomized as to sequence of presentation for each user: 
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• 1st pass  user’s initial exposure to the space and to the interface environment.  
Results help gauge the intuitiveness of the environment/interface and provide a 
baseline for analysis of ease of use, learnability and retainability. 
• 2nd pass – normally run later the same day or early the next day providing the user 
some time to assess his/her experience within the environment.  Results help 
extend knowledge of the characteristics of the environment/interface. 
• 3rd pass – normally run one or two days after pass 2 to help further assess the 
retainability of the interface and provide trend data for analysis. 
 
A highly cluttered, Air Conditioning and Refrigeration space (AC&R) of the USS 
San Antonio class Amphibious Transport Dock (LPD-17), was selected for the Benchmark 
1 and 2 test scenarios (see Figure 3).  The navigation scenario (Benchmark 1) required that 
users start at the entryway into the AC&R space then locate pre-defined equipment within 
the space and then return to the entryway utilizing the interface tools of each of the 
environments under test.  The measure was elapsed time (in seconds) to perform each task.  
Each user located, identified, and catalogued (noted the equipment and position) four 
distinct parts within the space. 
Benchmark 2 is similar to Benchmark 1 in that elapsed time from entry into the 
AC&R space, movement within the space, and return to the starting point (entry hatch) is 
the prime measurement.  However, with Benchmark 2, errors in construction of the space 
are made (two errors per pass), and the identification and correction of those errors are 
required by the user. 
Benchmark 3 was designed to measure the ability of the environments to aid user 
spatial awareness.  Users are presented with a totally foreign space into which two readily 
recognizable icons are randomly placed.  Using each of the interfaces/environments, users 
are asked to navigate through the space to locate each icon.  While the elapsed time required 
to locate each icon is recorded, the primary measure provided by this Benchmark is the 
user’s placement offset from the actual location of the icon.  The user’s perceived 
placement of each icon is recorded on a 2D plan view of the space and the offset from the 
actual placement is measured in mm.   
The environment execution sequence for each user within each test group (Novice 
and Experienced) was randomized so as to equalize the benefit of navigating within a 
specific environment using one interface paradigm before another paradigm.  This 
randomization avoids statistical bias in the test results.   
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As can be seen in Figure 2, large volumes of objective and subjective test data were 
collected during the course of the study allowing detailed analysis.  Each portion of the 
overall study allows for a detailed analysis with comparison of search times or other 
measurements for each specific item/part in a specific Benchmark/environment by class of 
user or specific user.  The following sections of this document discuss higher-level test 
results and provide some detailed analysis of these results by Benchmark.  Results and 
analysis of the testing performed in this study are presented here using the nomenclature 
described in Figure 5. 
As an example, B1Np2Tw/s refers to the Benchmark 1 (Navigation), Novice user, 
2nd iteration, timing test within the WorkStation interface. 
 
 
 
 
 
 
 
 
 
 
 
Figure 5 – Test/Data/File Naming Conventions 
3.5 Role of Statistical Analysis 
Macnaughton [93] describes empirical research as “any activity in which data are 
gathered from some area of experience and then conclusions are drawn from the data about 
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the area of experience” and is “a crucial step in the scientific method, which is central to 
many areas of human endeavor, such as science, education, business, industry, law, and 
government.”  Furthermore, Macnaughton describes statistics as “a set of optimal 
techniques used to help study the variables and relationships between variables samples as a 
means to accurately predict and control the values of variables (properties) in entities in 
populations.”   
The empirical research reported herein applies several standard statistical analysis 
techniques to both the objective (timings, distance offsets, and fault counts) and subjective 
(user evaluation ratings) data collected during the study.  This study uses two advanced 
software packages for selecting and applying the appropriate post-ANOVA tests for 
comparing the measures of the environments: 
• GraphPad Prism version 4.00 for Windows [94] 
• SAS for Windows version 8.0 [95]. 
Two basic statistical approaches for making conclusions about the measure of the 
study’s test environments are applied: 
1. The first is to assume that the parameter values (elapsed times, offsets, or 
rating values) for the population follow a Gaussian (normal, bell-shaped) 
distribution.  A normal distribution allows statistical tests providing 
inferences about the mean (and other properties) of the population.  Such 
tests are called parametric tests. 
2. The second method is to rank all values in the population from low to high 
and then to compare the distribution of ranks.  This is the principle 
underlying most commonly used nonparametric tests, which are used to 
analyze data from non-Gaussian distributions.  Prisim uses the Friedman-
Dunn test which compares the measures from paired environments.  It 
calculates the difference between each set of pairs and analyzes that list of 
differences. 
 
Figure 6 shows the statistical test selection criteria for the analysis of the data.  The 
selection process diagrammed in Figure 6 provides a sequential (top-down) view of the 
analysis regimen. 
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Figure 6 – Statistical Analysis Test Selection 
 
3.5.1 Kolmogorov-Smirnov Normality Testing 
Both the InStat/Prisim and SAS software test for normality using the Kolmogorov-
Smirnov test. The KS statistic (reported as the KS-statistic in InStat/Prisim and the D-
statistic in SAS) quantifies the discrepancy between the distribution of the data and an ideal 
Gaussian (normal or bell-shaped) distribution - a larger value denotes a larger discrepancy. 
It is not informative by itself, but is used to compute a P value.  
The method of Kolmogorov and Smirnov originally published cannot be used to 
calculate the P value because their method assumes that the mean and standard deviation of 
the overall population is known. However, in analysis, rarely is the overall population mean 
and standard deviation known; more often only the mean and standard deviation of the 
sample is known. To compute the P value, therefore, the software uses the Dallal and 
Wilkinson approximation to Lilliefors' method [96]. Since that method is only accurate with 
small P values, the software often simply reports "P>0.10" for large P values. 
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The P value from the Kolmogorov-Smirnov normality test answers this question: 
Randomly sampling from a Gaussian population, what is the probability of obtaining a 
sample that deviates as much from a Gaussian distribution (or more so) as this sample does. 
More precisely, the P value answers this question: If the population was really Gaussian, 
what is the chance that a randomly selected sample of this size would have a KS distance as 
large, or larger, as observed [97]? 
3.5.2 Homogeniety of Variance (Homoscedasticity) 
ANOVA is based on the assumption the populations (environments) all have the 
same variance (homoscedasticity).  However, early test results showed large variations and 
standard deviations in Benchmark 3 which is a measure of spatial awareness (distance 
offsets).   Several statistical measures are available to help determine the relative 
“sameness” of the variance reported values across the user groups within the benchmarks.  
These include: the coefficient of variance, Bartlett’s test (for normally distributed results), 
and Levene’s test (for non-gaussian distributions). 
3.5.2.1 Coefficient of Variance 
In order to use ANOVA, tests must be completed to ensure homogeneity or relative 
sameness of population variances.  As one means of assessing variance, the coefficient of 
variance (CV) is the degree to which a set of data points varies and is sometimes called the 
relative standard deviation since it takes into account the mean (average).  The CV may also 
be described as the measure of significance of the sigma, the standard deviation, in relation 
to the mean and may be reported as a percentage value using the formula: 
CV = (σ / mean) * 100.            (3-1) 
 The larger the CV the greater the variability in the data or the more significant the 
sigma relative to the mean; thus reporting the CV aids in interpreting the characteristics of 
the distribution of the test results.  For example, simply reporting a standard deviation of 10 
says nothing of the significance of this value.  If the average test value (mean) is 1000, a 
sigma of 10 is not very significant whereas if the mean is 15, a sigma of 10 is very 
significant. 
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3.5.2.2 Bartlett’s Test/Levene’s Test 
Bartlett’s test provides a mechanism for determining the homogeneity of the 
variances of test data sets by calculating a P value for reporting the significance of the 
comparison.   Small P values show a high significance and indicate that the variances differ 
and that nonparametric methods for comparing the means of the environments are required.  
The test P value answers the question: “If the populations really have the same variance, 
what is the chance that you’d randomly select samples whose variances are different (or 
more different) as observed in your experiment?” [97].   
Low Bartlett’s test P values may be due to data that are non Gaussian, rather than 
due to unequal variances.  For this reason another test is required for data that fail the 
Kolmogorov-Smirnov normality test.  Levene’s test for homoscedasticity is less robust than 
Bartlett’s test but is less sensitive to data that is non Gaussian in distribution and is 
therefore indicated when data for either (or both) of the environments fails the normality 
test.  Levene’s test P values are interpreted in the same manner as for Bartlett’s P values.  
 
3.5.3 F-Statistic 
In ANOVA, the sampling distribution is based on a ratio called the F-statistic which 
is the ratio of the population variance as estimated between groups versus within groups.  If 
the test values (samples) come from populations with identical means and variances, then 
each of the sample variances is an estimate of the same quantity (i.e., the population 
variance).  The term within is used because the population variance is being estimated 
separately within each sample.  Estimating the variance in the population can also be made 
by using the variation in sample means across or between conditions (environments).  Thus 
the F-statistic can be reported as the ratio the mean squares of these values [98]: 
F = (MSbetween) / (MSwithin).             (3-2) 
In the context of a one-way ANOVA, several methods are used to report the 
importance of variables within a test (the F-statistic): Wilks’ Lambda, Pillai’s Trace, 
Hotelling-Lawley Trace, and Roy’s Greatest Root are all reported by the SAS software.  
Each shows a reflectance of a variables importance and produce much the same F-statistic 
[99].   
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Roy’s Greatest Root is a powerful multivariate generalization of the univariate F-
statistic and is reported by the SAS software as:  
  F(groups,df) = (MSbetween) / (MSwithin)            (3-3) 
where the F-statistic is reported for the noted degrees of freedom. 
3.5.4 Analysis of Variance (ANOVA) 
Analysis of variance (ANOVA) is a statistical procedure where the means of two or 
more groups are compared.  When more than two groups are compared, a post-hoc test is 
done to determine which of the groups differed.  ANOVA only indicates that differences 
exist and is a test of the significance of the differences between the compared means as it 
analyzes the variation between and within each group.  However, since the goal of the study 
is to identify the “best” environment by competing the usability attributes (elapsed times, 
distance offsets, fault counts, and user ratings), a repeated measures analysis of variance is 
indicated.  Repeated measures occur when the measurements can be thought of as responses 
to levels of an experimental factor of interest (such as time or distance). Thus, a repeated 
measures analysis of variance (ANOVA) approach is applied for the comparison of the 
means of environments.   
3.5.4.1 Hypothesis Testing 
Hypothesis testing is the use of statistics to determine the probability that a given 
hypothesis is true.  Testing to statistically determine whether two samples are from different 
populations is to test hypotheses about each sample (environment).  To do so, a set of 
random samples is taken from each environment to determine the mean and standard 
deviation of each set.  The mean of each sample is then the summary of the characteristic 
under observation.  With this data the test is now whether there is a difference between the 
sample means.  This may be stated more formally as the probability that any difference 
between sample means is simply due to the effects of random sampling of the same 
population rather than random sampling of two different populations.  Statistically this is 
expressed as “Null” and “Alternative” Hypotheses.  Null Hypothesis (H0: environment 1 
means  =  environment 2 means) true indicates that the sample means are drawn from the 
same or identical populations.  Alternative Hypothesis (Ha:  environment 1 means  ≠  
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environment 2 means) true indicates that the sample means are drawn from different 
populations. 
3.5.4.2 One-tailed and Two-tailed Hypothesis Testing 
The discussion of hypothesis testing above presents the H0 and Ha for two-tailed 
tests of hypothesis.  These same tests also may be crafted to examine a different set of 
hypothesis that show whether one population mean is greater than (or less than) another.  
One-tailed tests allow results to be interpreted as showing one environment to be “better” 
(faster, higher, closer, lower) than another. 
The alternative hypothesis (Ha) under test changes with the interpretation of “better” 
for the measure.  More specifically, for elapsed time and distance offsets measures a 
“better” environment is indicated by shorter elapsed times or smaller distance offsets; thus: 
Ha: (1st environment mean)  ≤  (2nd environment mean).           (3-4) 
Similarly, higher user subjective ratings of an environment or larger count of faults 
identified indicate the more “preferred” interface.  Thus, the alternative hypothesis for 
comparing environments is: 
Ha: (1st environment rating mean)  ≥  (2nd environment rating mean).         (3-5) 
The SAS software uses the GLM (General Linear Model) process for performing 
MANOVA test reported for this project.  The purpose of the MANOVA (Multivariate 
ANOVA) is to use several environments simultaneously to discern significant differences 
among the experimental environments.  For the analysis of the results of this study, the SAS 
outputs compare Roy’s F-statistic with the F-statistics of the pair-wise comparisons of the 
GLM to determine the statistical significance of the comparisons.  Specifically, if the results 
of the comparison are significant, the null hypothesis H0 is rejected and the alternative 
hypothesis (Ha) is accepted.  Therefore, the environment with the lower mean value (for 
timings and offsets) or higher mean value (for user ratings) can be said to be statistically 
“better” than the other environment considered. 
Similarly for data sets that are not normally distributed or exhibit a high coefficient 
of variance, Friedman-Dunn testing is indicated.  The Friedman test compares groups by 
ranking the values in each matched set from high to low.  The method then sums the ranks 
in each environment.  If the sums are very different, the P value is small.  The P value 
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answers the question: If the different environments really are identical, what is the chance 
that random sampling would result in sums of ranks as far apart (or more so) as observed in 
the testing [97]?  Dunn’s method is an extension of the Friedman method that provides for 
the pair-wise comparison of multiple environments. 
In Benchmark 4 testing the data are unpaired thus negating the use of the Friedman-
Dunn method for data sets that are not normally distributed.  A suitable nonparametric 
comparison method (Mann-Whitney) is employed to make the test of the hypothesis of 
equal means (H0).   
The Mann-Whitney test [97] was selected because: 
(1) the difference between each value and population median is independent 
(2) the data are unpaired so that comparison of the mean rank in the two 
populations may be used 
(3) the populations are not normally distributed. 
The key result of the test is a P value that answers the question: If the populations really 
have the same median, what is the chance that random sampling would result in means as 
far apart (or more so) as observed?  Thus, if the P value is small, one can reject the idea that 
the difference is a coincidence, and conclude that the populations have different medians.  
However, if the P value is large (as is the Benchmark 3 comparisons), the data do not 
provide any reason to conclude that the overall medians differ, and H0 is accepted. 
3.5.5 Reliability - Cronbach’s α  
Cronbach’s α (alpha) measures how well a set of items measures a single 
unidimensional latent construct (user environment ratings, elapsed times, offset distances, 
or fault counts).  Technically speaking, Cronbach’s α is not a statistical test – it is a 
coefficient of reliability or consistency.  Cronbach’s α measures the reliability of tests, 
observations, experiments, or measurements by estimating the extent to which they provide 
the same results on repeated trials [100].  It has an important use as a measure of the 
reliability of a psychometric instrument, since it assesses the extent to which a set of test 
items can be treated as measuring a single latent variable.   
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The benchmark scenarios of this study are the psychometric instruments used to 
measure the objective user applications of the interfaces (elapsed times, distance offsets, or 
fault counts) and the user’s subjective ratings/impressions of the environment. 
Cronbach’s α is defined as a function of the number of test items and the average 
inter-correlation among the items [101]: 
α = (N * r-bar) / 1 + ((N-1) * r-bar),           (3-6) 
where N is the number of items (user measures) and r-bar is the average inter-item 
correlation among the items.  It is important to note that as the number of items (users) 
increases, α increases, and if the average inter-item correlation is low, α is low.  Thus, if the 
inter-item correlations are high, there is evidence that the items (user ratings, etc.) are 
measuring the same underlying construct, i.e., the reliability of the measuring instrument is 
high referring to how well the values measure a single condition or property [100]. 
α can take values between minus infinity and 1 (although only positive values make 
sense).  As a rule of thumb, the measuring instrument (benchmark) should only be used if 
an α value of 0.70 or higher is obtained.  This value is sometimes reported as a percentage 
and is termed the reliability of the measuring instrument [101].    
As is reported in the following sections, Cronbach’s α for the benchmarks of this 
study range from 0.79 to 0.97.  This indicates that the study is based upon a set of reliable 
objective and subjective measuring instruments. 
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4 Benchmark 1 (Navigation) 
4.1 Description 
As previously discussed, the Benchmark 1 scenario was designed to test the user’s 
ability to utilize the four environments/interfaces to navigate through the study space 
locating each of four distinct items/parts within the space.  The common measure recorded 
was simply the elapsed time to navigate the space (from a common starting point), locate 
each required item/part, and return to the entry hatchway.  Each novice and experienced user 
performed this Benchmark 3 times in each of the four environments.  What follows is an 
analysis of the final pass results of these Benchmark 1 tests presented by the two classes of 
users (Novice and Experienced).  Pass 3 results represent each user’s final exposure to each 
environment within each scenario (Benchmark).  Therefore, pass 3 results show the user’s 
ability to perform the required tasks.  Each environment/interface (W/S, 86” Non, Wand, and 
Glove) is represented in a distinct chart.   
4.2 Pass-to-Pass Improvements in Elapsed Times 
4.2.1 Novice Users 
Figure 7 shows novice user elapsed times for pass 3 of the navigation Benchmark 
tests in all four environments.  A preliminary investigation of the chart data shows that the 
novice users performed navigation tasks approximately 10.2% faster using the stereoscopic 
(wand) interface over either of the non-stereoscopic environments.  However, overall non-
stereoscopic interface methods resulted in elapsed navigation times that were only 3.9% 
faster than the stereoscopic methods.  This result is attributed to the higher navigation times 
posted for the novice user’s first exposure to the more complex stereoscopic voice/glove 
interface.   
Table 4 presents the improvements in navigation times for novice users with each 
successive exposure to each of the four test environments.  Note that there appears to be only 
a 3.1% difference in the increase between stereoscopic environments versus non-
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stereoscopic environments for novice users in comparing pass 1 to pass 3 speeds.  Thus, for 
novice users, initial exposure to navigation methods shows a slight increase in navigation 
speeds for any of the environments. 
 
Figure 7 – B1Np3Tim – Novice User Pass 3 Navigation Times 
 
Table 4 – B1N Pass-to-Pass Elapsed Time Changes 
 
4.2.2 Experienced Users 
Figure 8 shows experienced user elapsed times for pass 3 of the navigation 
Benchmark tests in all four environments.  Examination of these results shows that 
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experienced users were approximately 10% faster than novice users across all the 
environments.  The results show that for experienced users the stereoscopic wand interface  
performs approximately 35% faster than the stereoscopic voice/glove interface or either non-
stereoscopic interface.   
 
Figure 8 – B1Ep3Tim - Experienced User Pass 3 Navigation Times 
Table 5 presents the improvements in navigation times for experienced users with 
each successive exposure to each of the four test environments.  Note that experienced users 
show little appreciable improvement in navigation times across the 3 passes with the 
stereoscopic voice/glove or non-stereoscopic traditional workstation environments.  
However, experienced users showed improved navigation speeds by 31.54% from pass 1 to 
pass 3. 
Table 5 – B1E Pass-to-Pass Elapsed Time Changes 
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4.2.3 All Users 
Figure 9 provides a summary of Benchmark 1, pass 3 elapsed navigation times for all 
users elapsed times in all four environments.  As shown in the chart, while the stereoscopic 
voice/glove environment elapsed times were somewhat higher than all of the other 
environments and the stereoscopic wand/joystick environment resulted in somewhat lower 
navigation times.  As is shown with the analysis of the Benchmark 2 and 3 tests (to follow), 
a possible reason for this is that the somewhat more complicated voice/glove interface 
required longer period of exposure for users to become proficient.  It should also be noted all 
users performed better using the stereoscopic environments (Wand and Glove) as a group 
over the non-stereoscopic environments. 
 
Figure 9 – B1Allp3Tim - All User Pass 3 Navigation Times 
Table 6 presents the improvements in navigation times for experienced users with 
each successive exposure to each of the four test environments.  Note that, as a group, all 
users show little appreciable improvement in navigation times across the 3 passes with the 
stereoscopic voice/glove or non-stereoscopic traditional workstation environments.  
However, all users improved navigation speeds by 31.5% from pass 1 to pass 3. 
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Table 6 – B1All Pass-to-Pass Elapsed Time Changes 
 
4.3 Elapsed Times Detailed Statistical Analysis 
As discussed in section 3.5 (Role of Statistics), all statistical analyses of the test data 
were performed using a combination of two software packages: GraphPad Prisim version 4.0 
[94] and SAS for Windows version 8.0 [99].  Interpretation of the program results was made 
with assistance of Motulsky’s Prisim Guide [102] and the SAS User’s Guide [95]. The 
software reported the results of normality testing (for Gaussian distribution), the coefficient 
of variance, and one-tailed, repeated measures, ANOVA tests (of means) which were used to 
do pair-wise comparisons of the environments. 
The tests applied to the data are in accordance with the logic presented in Figure 6, 
starting with descriptive statistic testing performed to determine if the sets of environment 
data are normally distributed (Gaussian distribution).  Such testing (Kolmogorov-Smirnov 
normality test) quantified and reported the discrepancy between the distribution of the data 
and the ideal Gausian distribution.  The results presented here were based on the means and 
standard deviations of each set of Benchmark, environment, and test pass sample results.  As 
discussed in Chapter 3, these conventions have been consistently used in the reporting of the 
statistical results. 
The P value from the normality test answers the question: In a random sample from a 
Gaussian distribution, what is the probability (P value) of obtaining a sample that deviates as 
much from a Gaussian distribution (or more so) than the given sample?  Stated differently, 
the P value answers the question: If the population is Gaussian, what is the chance (as 
measured by probability) that a randomly selected sample of this size would have a statistic 
as large, or larger, than observed? 
Since the sample sizes for this study are relatively small (15 novice and 15 
experienced users), a large P value only means that the data are not consistent within a 
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Gaussian (normal) population.  This does not exclude the possibility of a non-Gaussian 
population for which nonparametric tests are applicable.  Small sample sizes simply do not 
provide enough data to accurately discriminate between normal and non-Gaussian 
distributions.  However, the one-way ANOVA method is known to be tolerant of moderate 
departures from the assumption of normality [103]. 
SAS and Prisim use one-way analysis of variance (ANOVA), and corresponding 
nonparametric tests (Friedman-Dunn Sum Ranks), to test whether the mean (or median) of a 
variable differs among the four groups (environments) for this testing.  ANOVA tests 
whether there is statistical significance among the means of more than two groups, i.e. it 
tests the variability among group means by using computed values (sum of squares, degrees 
of freedom, and means squares) to produce the F-ratio and the significant value.  The F-ratio 
is a measure of variation between the data for different interfaces (W/S, 86” non, wand, and 
glove) and variation, within the data for the interfaces.  The larger this value, the greater the 
chance that the differences between the means are due to real effects rather than chance 
alone.  For the F-ratio to be considered statistically significant, a confidence level of 90% is 
used with a corresponding alpha level of 10%. If the result is significant, the null hypothesis 
(H0) can be rejected, and the alternative hypothesis (Ha) can be accepted (Ha: 1st environment 
elapsed time <  2nd environment elapsed time). 
The limitation of ANOVA tests is that it does not make multiple pair-wise 
comparisons.  Therefore, additional testing after the ANOVA calculations (post hoc) is 
required.  The software provides post hoc tests for both normally distributed data sets and for 
data sets that are non-Gaussian in distribution. 
At a standard alpha level of 10% (90% confidence interval) a significant value of less 
than 0.10 would indicate that the two means are statistically different; the null hypothesis 
(H0, 1st environment elapsed time ≥ 2nd environment elapsed time) is rejected; and the 
alternative hypothesis (Ha, 1st environment elapsed time < 2nd environment elapsed time) is 
accepted, allowing the conclusion that the environment with the lower elapsed execution 
times is shown to be statistically different.   
Multiple pair-wise comparisons of data sets are performed using either standard 
ANOVA (parametric) or Friedman-Dunn (nonparametric) post tests to provide the difference 
of the means or medians, the F value, the P value, and 90% confidence interval for the 
comparisons.  Ha true indicates that there is a 90% confidence that the means are not equal 
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and thus navigation in the two environments are statistically different, and by analysis, the 
environment producing lower elapsed times is “better.”  This constitutes a statistically 
significant proof of different means for the data. 
4.3.1 Benchmark 1 - Pass 3 Statistics 
4.3.1.1 B1Np3Tim - Novice User Timing Statistics 
Table 7 presents the B1Np3Tim (Benchmark 1, novice user, pass 3, elapsed times) 
statistics and ANOVA comparison of the environments.  Review of the data set distribution 
shows that the results for all of the environments are normally distributed and that both 
Bartlett’s Test and the coefficients of variance show that the variance of the data sets are 
relatively equal.  Therefore, a one-tailed, paired measures ANOVA parametric test method is 
applied using a 90% confidence interval.  As discussed in Section 3.5, in such tests, if the F 
statistic calculated for the pair of environments being compared exceeds the F statistic 
calculated by any of the multivariate generalizations (reported here as Roy’s Greatest Root), 
then the results of the pair-wise environment comparisons may be tested for significance 
using standard p-value calculations (Bartlett’s or Levene’s test for variance and ANOVA for 
equality of means) as described in Figure 6. Statistically significant environment pair-wise 
comparisons allow a conclusion that the environment recording the lower elapsed time is the 
statistically “better” environment.  Specifically, Table 7 shows that for novice user third pass 
Benchmark 1 (navigation) tests, the ANOVA comparisons show, with statistical 
significance, that the stereoscopic wand interface produces faster navigation times by an 
average of 17% over any of the other environments. 
Table 7 – B1Np3Tstat - Pass 3 Novice User Timing Statistics 
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4.3.1.2 B1Ep3Tim - Experienced User Timing Statistics 
Table 8 presents the B1Ep3Tim (Benchmark 1, experienced user, pass 3, elapsed 
times) statistics and ANOVA comparison of the environments.  Review of the data set 
distribution shows that the results for all but the 86” non-stereoscopic environment are 
normally distributed.   Thus, Bartett’s Test is used to determine the homoscadasticity of 
environment comparisons not including the 86” non-stereoscopic interface and Levene’s 
Test is used for those including the 86” non-stereoscopic interface.  The one-tailed, paired 
measures ANOVA parametric test (using a 90% confidence interval) is used to determine the 
“better” of each of the paired environments.  As discussed in Section 3.5, in such tests, if the 
p-value reported is means of determining if the elapsed time means of the two environments 
are equal.  As shown in Figure 6, if either the variances are unequal or the means are 
unequal, the comparison is statistically significant and the environment recording the lower 
elapsed time is statistically the “better” environment.  In this specific test, only the 
comparisons of the stereoscopic wand interface show statistically significant results that 
indicate that navigation using the stereoscopic wand interface average 55.3 faster than any of 
the other environments. 
Table 8 – B1Ep3Tstat - Pass 3 Experienced User Timing Statistics 
 
 
4.3.1.3 B1Allp3Tim - All Users Timing Statistics 
Table 9 presents the B1Allp3Tim statistics and post-hoc test results.  As can be seen 
in Table 9, none of the environments produce normally distributed datasets.  Therefore, 
nonparametric test methods (Friedman-Dunn) are applied.  As discussed in Section 3.5, the 
Friedman-Dunn tests are nonparametric tests to perform pair-wise comparisons of multiple 
environments.  The test analyzes only the differences between the pared measurements for 
each environment.  The P-value answers the question:  If the median difference really is zero 
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overall, what is the chance that random sampling would result in a median difference as far 
from zero (or more so) as observed in the test results? [97]  If the P-value is small, one 
rejects the idea that the difference is a coincidence, and concludes instead that the 
populations have different means.  If the P-value is large, the data do not give any reason to 
conclude that the overall medians differ.  This is not the same as saying that the medians are 
the same, only that there is insufficient evidence that they differ. 
Examination of the results posted in Table 9 show that the only the stereoscopic 
wand environment comparisons provide statistically significant results.  These results show 
that the stereoscopic wand interface proves to be statistically better than any of the other 
environments. Specifically, both user groups found the stereoscopic wand interface to 
perform the navigation functions an average of 38.25% faster than using the other interfaces. 
Table 9 – B1Allp3Tstat - Pass 3 All Users Timing Statistics 
 
4.4 User Subjective Overall Environment Ratings 
After completion of each pass of each Benchmark test in each environment, users 
provided their subjective views of their experience by completing the 22-question Usability 
Survey (see Figure 4) rating the environment on a scale of 1 to 5 (very poor to very good).   
The survey questions were grouped in five areas (navigation, locating, manipulation, 
general, and overall impressions).  What follows is a presentation of user overall impressions 
ratings of the interfaces for performing Benchmark 1 tasks (navigation) at the completion of 
the 3rd pass as a representation of user final evaluations of each interface.  Detailed analysis 
of each of the five areas is presented in the appendices. 
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4.4.1 Novice Users 
As previously discussed, each novice user was asked to rate his/her experience via 
the Usability Survey at the completion of each pass of each Benchmark test.  Figure 10 
presents the overall impressions ratings of the novice users at the completion of the 3rd pass 
of the Benchmark 1 scenario.  As such, this represents each user’s final impression of the 
navigational capabilities of each environment. 
A further examination of the results detailed in Figure 10 shows that at completion of 
the Benchmark tests, novice users preferred the stereoscopic voice/glove interface over all 
other environments.  Analysis of the results presented in the chart shows that novice users 
rated the voice/glove interface 5.4% higher than the stereoscopic wand environment; 11% 
higher than the 86”non-stereoscopic environment; and 16% higher than the traditional CAD 
workstation interface. 
 
Figure 10 – B1Np3Ovr – Novice User Pass 3 Overall Impression Ratings 
 
Table 10 shows the pass-to-pass improvements in novice user overall impression 
ratings for each of the environments.  Note that with each successive exposure (pass-to-pass) 
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the user’s overall impressions of the interfaces improved.   Examination of the pass-to-pass 
analysis of improvements noted in Table 10 shows that novice user impressions of the 
stereoscopic interfaces improved 9.1% from pass 1 to pass 3 whereas the non-stereoscopic 
environments showed a 5.8% improvement from pass 1 to pass 3. 
Table 10 – B1N – Novice User Pass-to-Pass Overall Impression Ratings Changes 
 
4.4.2 Experienced Users 
As with the novice user group, each experienced user was asked to rate his/her 
experience via the Usability Survey at the completion of each pass of each Benchmark test.  
Figure 11 presents the overall impressions ratings of the experienced users at the completion 
of the 3rd pass of the Benchmark 1 scenario.  As such, this represents each user’s final 
impression of the navigational capabilities of each environment. 
 
Figure 11 – B1Ep3Ovr – Experienced User Pass 3 Overall Impression Ratings 
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Analysis of the results noted in Figure 11 shows that the experienced users preferred 
the stereoscopic interfaces to the non-stereoscopic environments by 12.2%.  Experienced 
users slightly favoured the voice/glove stereoscopic interface over the wand interface by only 
3%.  
Table 11 shows the pass-to-pass improvements in experienced user overall 
impression ratings for each of the environments.  Examination of the results presented show 
that for the experienced user group the pass-to-pass improvements in overall environment 
impressions averaged 7.35% from pass 1 to pass 3 and that the stereoscopic environments 
show a 5% better improvement from pass 1 to pass 3 over the non-stereoscopic interfaces. 
Table 11 – B1E – Experienced User Pass-to-Pass Overall Impression Ratings Changes 
 
4.4.3 All Users 
Figure 12 presents the overall impressions ratings of all users at the completion of the 
3rd pass of the Benchmark 1 scenario.  As such, this represents each user’s final impression 
of the navigational capabilities of each environment.  Analysis of the results presented in the 
chart shows that all users rated the voice/glove interface slightly higher than the stereoscopic 
wand environment and approximately 1.2% higher than either of the non-stereoscopic 
environments. 
Table 12 shows the pass-to-pass improvements in the overall impression ratings for 
each of the environments for all the users.  Examination of the pass-to-pass analysis of 
improvements noted in Table 12 shows that user impressions of the stereoscopic voice glove 
interface improved 9.84% from pass 1 to pass 3 and this improvement rate shows to be about 
60% higher than any of the other environments. 
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Figure 12 – B1Allp3Ovr – All Users Pass 3 Overall Impression Ratings 
 
Table 12 – B1All – Pass-to-Pass Overall Impression Ratings Changes 
 
 
4.5 User Environment Overall Ratings Statistics 
The following sections present a statistical analysis of user subjective ratings of each of 
the four test environments following pass 3.  These ratings represent the user’s final overall 
impressions of the Benchmark 1 (navigational) characteristics of the environments.  Details 
of the results of pass 1, pass 2, and 3 pass average user ratings for each of the separate survey 
areas (navigation, manipulation, general impressions) that makeup the overall impressions 
ratings are presented in the appendices.   
 53 
 
4.5.1 B1Np3R – Novice User Overall Impressions Statistics 
Table 13 presents the statistics for each of the Benchmark 1 novice user overall rating 
of each environment following their final (pass 3) exposure and as such represents each 
novice user’s overall impression of the interfaces.  As noted in the discussion of the 
statistical methods used to analyze user Benchmark elapsed times, the P value is greater than 
the alpha of 0.10 thus indicating that each data set is normally distributed.  Normal 
distribution and the relatively equal variances of the data sets (as shown by both the 
Bartlett’s Test results and the coefficients of variance) indicate that parametric, one-tailed, 
paired samples ANOVA comparisons provide the information needed to determine the 
statistical significance of the test results. 
Examination of the ANOVA results posted in Table 13 shows that there is sufficient 
statistical evidence to say that the stereoscopic voice/glove environment is preferred by the 
novice user group by an average of 17.74% over either non-stereoscopic interface and that 
the stereoscopic wand environment is preferred by the novice user group by an average of 
9.2% over the either non-stereoscopic interface. It should also be noted that the stereoscopic 
voice/glove interface is preferred over the wand interface by 7.89%. 
Table 13 – B1Np3Ovr – Novice Users Overall Impressions Statistics 
 
 
4.5.2 B1Ep3Ovr – Experienced User Overall Impressions Statistics 
Table 14 presents the results of the statistical tests performed on the results of the 
experienced user pass 3 Benchmark 1 tests.  As expected, these results are similar to those of the 
novice users.  The statistical methods used to analyze user Benchmark elapsed times, for all but 
the 86” non-stereoscopic environment, the median of each of the environment falls within 90% 
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level and thus each data set is normally distributed.  Thus, Bartlett’s test (parametric) is used to 
determine the homogeneity of variance for all comparisons without the 86” non-stereoscopic 
environment and Levene’s test (non-parametric) is used for comparisons with the 86” non-
stereoscopic environment.  
Table 14 – B1Ep3Ovr – Experienced Users Overall Impression Statistics 
 
Examination of the ANOVA results posted in Table 14 shows that there is sufficient 
statistical evidence to say that the stereoscopic voice/glove environment preferred by the 
experienced users over either of the non-stereoscopic interfaces by an average of 15.39% and 
the stereoscopic wand interface is also preferred by the novice user group by and average of 
11.69% over either non-stereoscopic environment.  However, there is insufficient statistical 
significance to infer the preference of one stereoscopic interface over the other. 
4.5.3 B1Allp3Ovr – All Users Overall Impressions Statistics 
Table 15 presents the results of the statistical analysis test of the overall impressions 
ratings of the entire user group at the completion of the 3rd pass of the Benchmark 1 scenario.  
As might be expected from the novice and experienced user ratings, the aggregate user 
ratings pass the normality test for all the test environments at the 90% confidence level, and 
since the coefficients of variability (and Bartlett’s Test results) show relatively equal 
variances, the ANOVA comparisons are made using parametric, one-tailed, 90% confidence 
interval calculations.   
Examination of the ANOVA results posted in Table 15 show that there is sufficient 
statistical significance to say that the stereoscopic voice/glove environment is preferred by 
all users by an average of 16.47% over either non-stereoscopic interface and that the 
stereoscopic wand environment is preferred by the all users by an average of 10.27% over 
 55 
 
the either non-stereoscopic interface. It should also be noted that the stereoscopic 
voice/glove interface is preferred over the wand interface by 5.63%. 
 
Table 15 – B1Allp3Ovr – All Users Overall Impressions Statistics 
 
 
 
4.6 Benchmark 1 Reliability  
Table 16 presents the Cronbach’s α values computed for the objective measures 
(elapsed navigation times) and overall subjective user ratings for the Benchmark 1 scenario.  
Note that the alphas for the standardized variables (removal of duplicate values) are above 
90%, indicating a high reliability for the benchmark.  (Appendix M presents the detailed 
pass/environment results of the reliability calculations.)    
Table 16 – Benchmark 1 Cronbach’s α Reliability Coefficients 
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5 Benchmark 2 (Find and Repair Manipulation) 
5.1 Description 
Using the same AC&R space as used for Benchmark 1, for Benchmark 2 users 
were required to navigate through the space looking for “errors’ that had been injected into 
the design.  Typical “errors” were a passageway blocked by a misplaced control box or a 
misaligned section of pipe.  Users were then required to “fix” the error.  The “fix” required 
the user to utilize the interface (environment) under test, typically, re-positioning the part 
to a more suitable location/orientation. Elapsed times were noted for each activity.  The 
elapsed time recorded was the time required to: 
1. locate and identify the 1st error; plus 
2. the time to “fix” the 1st error; plus 
3. the time to locate and identify the 2nd error; plus 
4. the time to “fix” the 2nd error; plus 
5.  the time to return to the starting position within the space.   
The find/repair exercise (Benchmark 2) was also repeated in each of the 4 
environments under test and the User Survey administered to each user after each pass in 
each environment.  As with the Benchmark 1 testing, sequencing of the testers through the 
four environments was randomized so that not all of the users tested in the same order.  
This randomization of interface paradigms avoided statistical bias in the results. 
As reported for the Benchmark 1 tests results, the following sections detail the 
results of the final (pass 3) measures of user performance with each interface.  Details of 
each of pass 1, pass 2, and 3 pass average results are reported in the appendices. 
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5.2 Pass-to-Pass Improvements in Elapsed Times 
5.2.1 Novice Users 
Figure 13 presents a representation of the elapsed times required by novice users to 
perform a typical set of find/repair operations as defined in the Benchmark 2 scenarios. 
The results presented are for the last (3rd) execution of the test.  These times should 
represent the “best/fastest” execution times for the group.  It should be noted that while 
both stereoscopic interfaces resulted in shorter execution times (as compared to the non-
stereoscopic interfaces), as a group the novice users performed best using the voice/glove 
stereoscopic interface.  Specifically, Figure 13 shows the wand/joystick environment to be 
13% faster than the voice/glove environment; 65% faster than the 86” non-stereoscopic 
environment; and 51% faster than the traditional, desktop, CAD workstation environment. 
 
Figure 13 – B2Np3Tim – Novice User Pass 3 Manipulation Times 
 
Table 17 presents the improvements in find/repair (manipulation) times for novice 
users with each successive exposure to each of the four test environments.  Note that there 
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appears to be an average difference of 164% in the increase between stereoscopic 
environments versus non-stereoscopic environments for novice users.  Thus, for novice 
users, initial exposure to manipulation methods show little improvement for any of the 
environments. 
Table 17 – B2N – Novice User Pass-to-Pass Elapsed Time Changes 
 
5.2.2 Experienced Users 
Figure 14 shows experienced user elapsed times for pass 3 of the manipulation 
Benchmark tests in all four environments.  As with the novice users, the experienced users 
performed the find/repair tasks of Benchmark 2 faster in the stereoscopic environments.  
Comparing the stereoscopic interfaces shows them to be almost equal with the voice/glove 
interface being approximately 3.9% faster than the wand/joystick interface.  However, as 
with the novice users, the stereoscopic environments show significant reductions in 
find/repair task times (as much as 26.2%). 
 
Figure 14 – B2Ep3Tim - Experienced User Pass 3 Manipulation Times 
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Table 18 presents the improvements in find/repair (manipulation) times for 
experienced users with each successive exposure to each of the four test environments.  
Note that experienced users show slightly better improvement rates using the stereoscopic 
voice/glove interface than with any of the other environments.  Note also that, on average, 
the stereoscopic environments show a 1.2 times higher improvement in find/repair actions 
(pass 1 to pass 3) than non-stereoscopic interfaces. 
Table 18 – B2E – Experienced User Pass-to-Pass Elapsed Time Changes 
 
5.2.3 All Users 
Figure 15 provides a summary of Benchmark 2, pass 3 elapsed find/repair elapsed 
times for all users in all four environments.  As shown in the chart, the stereoscopic wand 
environment elapsed times were slightly faster than the stereoscopic voice/glove interface 
(4.48%) and that the stereoscopic interfaces produced significantly reduced find/repair 
elapsed times (35.1%) over the non-stereoscopic interfaces. 
 
 
 
 
 
 
 
 
Figure 15 – B2Allp3Tim - All User Pass 3 Manipulation Times 
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Table 19 presents the improvements in find/repair (manipulation) times for all users 
with each successive exposure to each of the four test environments.  Note that 
stereoscopic environments resulted in sharper decreases in find/repair times than for non-
stereoscopic environments.  On average, for all users, find/repair times in stereoscopic 
environments proved to be 1.6 times faster (pass 1 to pass 3) than for non-stereoscopic 
interfaces. 
Table 19 – B2A – All Users Pass-to-Pass Elapsed Time Changes 
 
 
5.3 Elasped Times Detailed Statistical Analysis 
As described for the Benchmark 1 testing, all statistical analyses of the test data 
were performed using two commercial standard statistical analysis software packages.  
GraphPad’s  Prisim version 4.0 [94] provides an excellent GUI (Graphical User Interface) 
and an excellent guide to interpreting normality testing, coefficients of variance, and 
Bartlett’s tests results (Motulsky’s Prisim Guide [102]).  Additionally, the SAS software 
reports the results of standard ANOVA testing for one-way, repeated measures ANOVA 
[98].  The analyses reported follow the mechanism detailed in the flowchart presented in 
Figure 6. 
5.3.1 Benchmark 2 - Pass 3 Statistics 
In the sections following, the Benchmark 2 (Find/Repair) measures are analyzed 
using the statistical tests previously discussed.  The test results are presented and as an 
analysis of the results are included in the discussion.  As described for Benchmark 1 
analysis, only the pass 3 results are detailed as the most current (and final) representation 
of the user’s activities.  Detailed results for all previous passes (and averages) are provided 
in the appendices. 
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5.3.1.1 B2Np3Tim - Novice User Timing Statistics 
Table 20 presents the B2Np3Tim (Benchmark 2, novice users, pass 3 timings) 
statistics as reported by the software discussed in Section 3.5 and Figure 6.  Since all four 
pass 3 novice user environments data sets are normally distributed and the coefficients of 
variance are relatively low, the repeated measures ANOVA parametric test methods are 
applied.  Examination of these results as presented in Table 20 show that for this 
benchmark scenario there is sufficient statistical significance in the results to suggest that 
the novice user stereoscopic interfaces averages 30.25% shorter find/repair times than 
either of the non-stereoscopic interfaces.  There is also sufficient statistical evidence to 
infer that the stereoscopic wand interface is faster than the stereoscopic glove environment 
by 9.98%.  
Table 20 – B2Np3Tstat – Novice User Pass 3 Novice Users - Timing Statistics 
 
 
5.3.1.2 B2Ep3Tim - Experienced User Timing Statistics 
Table 21 presents the B2Ep3Tim (Benchmark 2, experienced users, pass 3 timings) 
statistical analysis results.  Examination of the normality test data presented in the table 
shows that all but the 19”, non-stereoscopic traditional CAD timings data sets are normally 
distributed.  Therefore, parametric methods (Bartlett’s test) are used to determine the 
homoscedasticity for all of the comparisons except those including the non-stereoscopic, 
traditional CAD environment.  The pair-wise comparisons including the non-stereoscopic, 
traditional CAD interface require non-parametric methods (Levene’s test). 
Examination of these results as presented in Table 21 shows that for there is 
sufficient statistical significance in the results to suggest that the experienced user 
stereoscopic wand interface averages 16.42% shorter find/repair times than either of the 
non-stereoscopic interfaces.  However, it should be noted that there is only additional 
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sufficient statistical evidence to infer any that the stereoscopic voice/glove interface is 
faster than the 19” non-stereoscopic traditional CAD interface.   
Table 21 – B2Ep3Tstat – Experienced Users Pass 3 Experienced Users Timing 
Statistics 
 
 
5.3.1.3 B2Allp3Tim – All Users Timing Statistics 
Results presented in Table 22 show that the elapsed times values for the aggregated 
novice and experienced users are normally distributed for only the 86” non-stereoscopic 
environment.  Therefore, non-parametric methods (Levene’s test) are used to determine the 
homoscedasticity of the pair-wise comparisons.  As reported in Table 22, the Friedman-
Dunn tests indicate that there is sufficient statistical significance to infer that for novice 
users the stereoscopic interfaces average 25.89% faster find/repair times than  the non-
stereoscopic environments.  
Table 22 – B2Allp3Tstat – All Users Pass 3 All Users Timing Statistics 
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5.4 User Subjective Overall Environment Ratings 
As described in Section 1.4, after completion of each pass of each Benchmark test 
in each environment users provided their subjective views of their experience by 
completing the 22-question Usability Survey (see Figure 3) rating the environment on a 
scale of 1 to 5 (very poor to very good).  The questions were grouped into 4 areas 
(navigation, locating, movement, and general).  What follows is a presentation of user 
overall impressions ratings of the interfaces for performing Benchmark 2 tasks 
(find/repair) at the completion of the 3rd pass as a representation of user final evaluations 
of each interface.  
5.4.1 Novice Users 
As in Benchmark 1, each novice user was asked to rate his/her experience via the 
Usability Survey at the completion of each pass of each Benchmark test.  Figure 16 
presents the overall impressions ratings of the novice users at the completion of the 3rd 
pass of the Benchmark 2 scenario.  As such, this represents each user’s final impression of 
the navigational capabilities of each environment. 
 A further examination of the results detailed in Figure 16 shows that at completion 
of the Benchmark tests, novice users preferred the stereoscopic voice/glove interface over 
all other environments.  Analysis of the results presented in the chart shows that novice 
users rated the stereoscopic interfaces slightly higher (8.3%) than the non-stereoscopic 
environments. 
Table 23 shows the pass-to-pass improvements in novice user overall impression 
ratings for each of the environments.  Note that with each successive exposure (pass-to-
pass), the user’s overall impressions of the interfaces improved.   Examination of the pass-
to-pass analysis of improvements noted in Table 23 shows that, on average, novice user 
impressions of the stereoscopic interfaces improved 4.75 times higher from pass 1 to pass 
3 over non-stereoscopic interface environment improvements. 
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Figure 16 – B2Np3Ovr – Novice User Pass 3 Overall Impression Ratings 
 
Table 23 – B2N – Novice Users Pass-to-Pass Overall Impression Ratings Changes 
 
5.4.2 Experienced Users 
As with the novice user group, each experienced user was asked to rate his/her 
experience through the Usability Survey at the completion of each pass of each Benchmark 
test.  Figure 17 presents the overall impressions ratings of the experienced users at the 
completion of the 3rd pass of the Benchmark 2 scenario.  As such, this survey represents 
each user’s final impression of the navigational capabilities of each environment. 
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Figure 17 – B2Ep3Ovr – Experienced User Pass 3 Overall Impression Ratings 
 
Analysis of the results noted in Figure 17 shows that the experienced users showed 
a 9.3% higher preference for the stereoscopic interfaces over the non-stereoscopic 
environments.   
Table 24 shows the pass-to-pass improvements in experienced user overall 
impression ratings for each of the environments.  Examination of the results presented 
show that for the experienced user group, on average, the pass-to-pass improvements in 
overall stereoscopic environments impressions was 9.4% higher from pass 1 to pass 3 than 
for non-stereoscopic environments. 
 
Table 24 – B2E – Experienced User Pass-to-Pass Overall Impression Ratings 
Changes 
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5.4.3 All Users 
Figure 18 presents the overall impressions ratings of all users at the completion of 
the 3rd pass of the Benchmark 2 scenario.  As such, this represents each user’s final 
impression of the navigational capabilities of each environment.  Analysis of the results 
presented in the chart shows that all users rated the voice/glove interface slightly higher 
than the stereoscopic wand environment (0.9%) and approximately 35% higher than either 
of the non-stereoscopic environments. 
 
Figure 18 – B2Allp3Ovr – All Users Pass 3 Overall Impression Ratings 
 
Table 25 shows the pass-to-pass improvements in the overall impression ratings for 
each of the environments for all the users.  Examination of the pass-to-pass analysis of 
improvements noted in Table 25 shows that user impressions of the stereoscopic interfaces 
improved 7.8% (on average) from pass 1 to pass 3 and this improvement rate shows to be 
about 3.1 times the improvements shown using the non-stereoscopic interfaces. 
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Table 25 – B2All – All Users Pass-to-Pass Overall Impression Ratings Changes 
5.5 User Environment Overall Ratings Statistics 
The following sections present a statistical analysis of user subjective ratings of 
each of the four test environments following pass 3.  These ratings represent the user’s 
final overall impressions of the Benchmark 2 (find/repair) characteristics of the 
environments.   
5.5.1 B2Np3Ovr – Novice User Overall Impressions Statistics 
Table 26 presents the statistical analysis test results for the overall impressions 
ratings provided by the novice user group following completion of the 3rd pass of the 
Benchmark 2 (find/repair manipulation) tests.  As described in Section 3.5 and Figure 6, 
the data sets for the environments are not all seen to be normally distributed, indicating 
that both parametric (Bartlett’s) and non-parametric (Levene’s) tests must be applied as 
described in the flowchart of Figure 6.  These tests show all of the pair-wise environment 
comparisons to be of equal means.  Thus, standard ANOVA tests are sufficient to 
determine the significance of the hypothesis of equal means for the environments.   
Table 26 – B2Np3Ovr – Novice Users Overall Impressions Statistics 
 
Examination of these results as presented in Table 26 shows that for there is 
sufficient statistical significance in the results to suggest that the novice user voice/glove 
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stereoscopic interface overall ratings averages 9.63% higher than the non-stereoscopic 
interfaces and that the stereoscopic wand interface overall ratings average 8.83% higher 
than non-stereoscopic interfaces.  However, it should be noted that there is insufficient 
statistical evidence to infer any other novice user overall environment preferences.  
5.5.2 B2Ep3Ovr – Experienced User Overall Impressions Statistics 
Table 27 presents the results of the statistical test performed on the results of the 
experienced user pass 3 Benchmark 2 tests that are similar to those of the novice users.  
Table 27 includes the results of the Kolmogorov-Smirnov test (KS statistic) indicating that 
the pass 3 results are not all normally distributed, and therefore, the comparisons for the 
environments must be performed using one-way, repeated measures, nonparametric 
ANOVA tests (Friedman-Dunn).  Examination of these comparisons shows that there is 
sufficient statistical evidence in the by the experienced user Benchmark 2 (find/repair 
manipulation) comparisons results to suggest that the experienced user voice/glove 
stereoscopic interface overall ratings averages 9.91% higher than the non-stereoscopic 
interfaces and that the stereoscopic wand interface overall ratings average 8.75% higher 
than non-stereoscopic interfaces.  However, it should also be noted that there is insufficient 
statistical evidence to infer any other novice user overall environment preferences.  
 
Table 27 – B2Ep3Ovr – Experienced Users Overall Impressions Statistics 
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5.5.3 B2Allp3Ovr – All Users Overall Impressions Statistics 
Table 27 presents the statistical analysis test results of the overall impressions 
ratings of the entire user group at the completion of the 3rd pass of the Benchmark 2 
scenario.  As expected the aggregate user ratings pass the KS statistics indicate that not all 
of the environment data sets are normally distributed.  Thus, as discussed in Section 3.5 
and the flowchart presented in Figure 6, Levene’s is required to determine the homogeneity 
of variance for the pair-wise comparisons of the environments.   
As reported in Table 27, the Friedman-Dunn tests indicate that there is sufficient 
statistical significance in the results to suggest that the combined user group voice/glove 
stereoscopic interface averages 9.78% higher overall ratings than either of the non-
stereoscopic interfaces.  Additionally, it should be noted that there is sufficient statistical 
evidence to infer any that the stereoscopic wand interface is rated higher than both non-
stereoscopic interfaces by an average of 8.78%.   
Table 28 – B2Allp3Ovr – All Users Overall Impressions Statistics 
 
5.6 Benchmark 2 Reliability  
Table 29 presents the Cronbach’s α values computed for the objective measures 
(elapsed navigation times) and overall subjective user ratings for the Benchmark 2 
scenario.  Note that the alphas for the standardized variables (removal of duplicate values) 
are above 85%, indicating a high reliability for the benchmark.  (Appendix M presents the 
detailed pass/environment results of the reliability calculations.)   
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Table 29 – Benchmark 2 Cronbach’s  α Reliability Coefficients 
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6 Benchmark 3 (Spatial Awareness) 
6.1 Description 
In order to evaluate the ability of each environment/interface to aid users in their 
awareness of a design space, a unique space, totally unknown to the users, was created.  For 
the test, the space created was a melding (at right angles) of a typical berthing space and a 
shipboard machine shop.  Into this space the test administrators were able to inject an 
obelisk icon (an elongated, grey-white, pyramid topped by a sphere) that is not normally 
found in any shipboard space.  Two such icons were randomly placed into the new space for 
each pass of the test.  From a common starting point, users were required to navigate 
through the space looking for the icons within the space.  The time required each user to 
locate each icon was recorded and the users were asked to note the location for each 
(placement within the space).   
Upon completion of the test each user was shown a 2-dimensional, 8.5” x 11,” plan-
view of the space and asked to note the placement of each of the two icons.  The test 
administrators then recorded the offset (in mm) between user placement and the actual 
location of the icons.   
This exercise (Benchmark 3) was repeated in each of the 4 environments under test 
and the User Survey was administered to each user after each pass in each environment.  As 
with the other Benchmark testing, sequencing of the testers through the four environments 
was randomized so that not all of the users were testing the same interface in the same 
order.  This randomization was used to eliminate bias in the testing. 
6.2 Pass-to-Pass Placement Improvements in Locating Icons 
What follows is a presentation of the Benchmark 3, pass 3, part 1 and part 2 
placement offsets for novice and experienced users.  Since the spatial awareness test 
involves locating a first icon (part 1) and a second icon (part 2) the total of these two offsets 
is used as the basis for this evaluation.  Pass 3 results are presented here as representative of 
user best-final case results.   
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6.2.1 Novice Users 
Figure 19 presents novice user average offset distance for the placement of the two 
Benchmark 3 icons within the new space.  The results clearly indicate a higher spatial 
awareness using the stereoscopic environment.  Using the stereoscopic interfaces novice 
users, on average, located the each of the two icons within 5.2 mm of its actual location.  
Inspection of the standard deviation values for the average offsets for the two icons 
show a very high variance in offset for the non-stereoscopic interfaces and shows low 
variance for the stereoscopic interfaces.  This is an indication of the consistency of the 
stereoscopic method in spatial recognition efforts.  As can be determined from the data 
presented in Figure 19, novice users demonstrated a markedly better spatial awareness using 
the stereoscopic interfaces (more 868% better). 
 
Figure 19 – B3Np3-Toff – Pass 3 Novice User Total Placement Offset 
6.2.2 Experienced Users 
Figure 20 presents experienced user average offset distance for the placement of the 
two Benchmark 3 icons within the new space.  The results clearly indicate a higher spatial 
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awareness using the stereoscopic environments.  The experienced users, on average, located 
each icon within 6.25 mm of its actual location.  By comparison, experienced user 
placement in the non-stereoscopic environments averaged 13.02 mm from the actual 
location.  Experienced user stereoscopic interface identification of actual placement of the 
icon was 2.08 times better than with non-stereoscopic methods.   
 
Figure 20 – B3Ep3-Toff – Pass 3 Experienced User Total Icon Placement Offsets 
6.2.3 All Users 
Figure 21 presents the aggregated results of all users placement of the 2 icons of 
Benchmark 3 within the new space.  As would be expected, the results show that all users 
demonstrate consistently better spatial awareness with the use of stereoscopic over non-
stereoscopic interfaces (average 111% better). 
Inspection of the data also shows that the stereoscopic wand interface provides 
better spatial awareness for the user groups resulting in offsets 45% closer to actual 
placement than in the stereoscopic voice/glove environment.  The variance or standard 
deviation is also significantly reduced for the stereoscopic environments. 
 74 
 
 
Figure 21 – B3Allp3-Toff – Pass 3 All Users Total Icon Placement Offsets 
6.3 Spatial Awareness Detailed Statistical Analysis 
The following sections present a detailed statistical analysis of the Benchmark 3 
results of the user groups in a manner similar to the previous Benchmarks.  As discussed in 
Section 3.5, the GraphPad Prisim [98] and SAS for Windows [99] software packages were 
used to perform each analysis.  Each set of user icon 2 placement offsets is first examined to 
determine if the data is normally distributed (Gaussian distribution) using the KS statistic.  
The descriptive statistics test results are presented in tabular form followed by the results of 
an ANOVA pair-wise comparison of the offsets for each environment using standard 
parametric tests for normally distributed data or Friedman-Dunn nonparametric post-tests 
for sets of offsets data that are not normally distributed.  As described in the Benchmark 1 
and 2 discussions, the analyses were performed in accordance with the flowchart presented 
in Figure 6. 
 75 
 
6.3.1 Benchmark 3 - Pass 3 Statistics 
Benchmark 3, pass 3, total offsets represent each user’s view of the placement of the 
required device in a foreign space.  As such, the results of this pass/icon placement 
represent a reasonable characterization of the user’s spatial awareness within each 
environment. 
6.3.1.1 B3Np3-Toff – Novice User Offsets Statistics 
Table 30 presents the results of the statistical analysis of novice user pass location of 
icons in the test environment.  Note that none of the environment data sets prove to be 
normally distributed.  Thus, the non-parametric Levene’s test is required to test the 
homogeneity of the pair-wise environment comparisons.  The ANOVA analyses for 
determining equality of means combined with the Levene’s test results provide the 
information required to determine the statistical significance of the comparisons results as 
described in Figure 6. 
Examination of the results posted in Table 30 show that all but the stereoscopic 
voice/glove vs non-stereoscopic workstation interface parings produce statistically 
significant results providing sufficient statistical evidence to suggest that the stereoscopic 
environments produce smaller offset distances (averaging 91.26% smaller).  Also, since the 
stereoscopic wand environment shows offset distances that are 58.64% smaller than the 
stereoscopic voice/glove interface, it can be said, with statistical significance, that the 
stereoscopic wand environment produces more reliable spatial awareness for novice users 
than does either non-stereoscopic environment.   
Table 30 – B3Np3-Toff – Novice User Pass 3 – Total Offsets Statistics 
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6.3.1.2 B3Ep3-2off – Experienced User Offsets Statistics 
Table 31 presents the results of ANOVA and post-tests calculations of experienced 
user spatial awareness testing for pass 3 total icon placements.  Interpretation of the test 
results for the experienced user group follow the methods described above for novice users 
and shows very similar results. 
None of the experienced users distance offsets data sets shown in Table 31 prove to 
be normally distributed.  Thus, as with the novice user calculations, ANOVA and 
nonparametric (Friedman-Dunn) post-tests were performed on the data sets.  However, 
examination of Table 31 shows that the results for all of the environment comparisons can 
be shown to be statistically significant with the exception of the stereoscopic wand vs non-
stereoscopic environment comparisons.   Therefore, the results  posted in Table 31 show 
that with statistical significance the stereoscopic voice/glove interface produces “better” 
spatial awareness than the non-stereoscopic environments (placements that are more than 6 
times closer to the actual placement).  
Table 31 – B3Ep3-Toff – Experienced Users Pass 3 – Total Offsets Statistics 
 
6.3.1.3 B3Allp3-2off – All Users Offsets Statistics 
Table 32 reports the statistical analysis of all users placement of the 3rd pass, total 
icon placement offsets data in Benchmark 3.  Examination of the KS-statistic shows that 
none of the environments produced data set results that were normally distributed.  Thus, 
nonparametric (Friedman-Dunn) pair-wise environment ANOVA post-tests calculations 
were performed with the results presented in Table 32. 
Examination of the results posted in Table 32 show that there is evidence to infer 
only that the stereoscopic voice/glove environment is “better” than either non-stereoscopic 
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environment (by an average of over 776%), and there is insufficient evidence to a claim that 
the stereoscopic voice/glove interface produces distance offsets that are 4.27 % smaller than 
the stereoscopic wand environment.   
Table 32 – B3Allp3-Toff – All Users Pass 3 – Total Offsets Statistics 
 
6.4 User Subjective Overall Environment Ratings 
6.4.1 Novice Users 
Figure 22 graphically presents a comparison of the Benchmark 3 (spatial awareness) 
pass 3 overall ratings of the four environments.  Inspection of the average ratings shows that 
novice users preferred the stereoscopic environments over the non-stereoscopic 
environments by 11.6% and showed, for stereoscopic interfaces, they preferred the 
voice/glove interface over the wand interface by 6.8%. 
 
 
 
 
 
 
 
Figure 22 – B3Np3Ovr – Novice User Pass 3 Overall Impressions Ratings 
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6.4.2 Experienced Users 
Figure 23 shows that experienced users have slightly different preferences.  While 
the experienced users still preferred the stereoscopic environments by over 6.9% over the 
non-stereoscopic environments, they preferred the stereoscopic wand interface by 6.6% 
over the voice/glove interface. 
 
 
 
 
 
 
 
 
Figure 23 – B3Ep3Ovr – Experienced User Pass 3 Overall Impressions Ratings 
6.4.3 All Users 
Figure 24 provides a comparison of all users environment preferences.  It shows 
that, as a combined group, all users reported a preference for the stereoscopic environments 
by slightly better than 22.8% over the non-stereoscopic interfaces and that there was 
essentially no preference between either of the stereoscopic interfaces.  
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Figure 24 – B3AllP3Ovr – All Users Pass3 Overall Impressions Ratings+ 
6.5 User Environment Overall Ratings Statistics 
The following sections present a detailed statistical analysis of user overall 
impressions ratings of the four test environments following their 3rd and final pass of the 
Benchmark 3 scenario.  The statistical analysis of these ratings provides insight into the 
final opinions of the users.  As discussed in Section 3.5, the [98] Graphpad Prisim and SAS 
for Windows [99] software packages were used to perform each analysis.  Each set of user 
overall impressions ratings is first examined to determine if the data is normally distributed 
(Gaussian distribution) using the KS statistic.  The descriptive statistics test results are 
presented in tabular form followed by the results of an ANOVA pair-wise comparison of 
the overall impressions ratings for each environment using standard, multiple-comparison 
ANOVA parametric post-tests for normally distributed data or Friedman-Dunn 
nonparametric post-tests for sets of ratings data that are not normally distributed.  As 
discussed in Section 6.3, all analyses were performed in accordance with the logic presented 
in the flowchart provided in Figure 6. 
 80 
 
6.5.1 Pass 3 Statistics 
As noted, Benchmark 3, pass 3, overall impressions ratings represent each user’s 
view of the placement of the required device in a foreign space.  As such, these ratings 
represent a reasonable characterization of the user’s overall impressions of the interfaces 
after the use of each to determine his/her spatial awareness of a previously unknown 
environment. 
6.5.1.1 B3Np3Ovr – Novice User Overall Impressions Statistics 
Table 33 presents the results of the statistical analysis of novice user pass 3 overall 
impressions of the interface.  Note that while the stereoscopic environments produce data 
sets that are normally distributed and the non-stereoscopic environments produce data sets 
that are nongaussian.  Thus, Levene’s test is required to determine the homogeneity of the 
variances of the pair-wise comparisons of environments for all but the comparison of the 
two stereoscopic interfaces (where Bartlett’ s test is applied).  
Table 33 – B3Np3Ovr – Novice User Pass 3 Overall Impressions Statistics 
 
As can be seen in Table 33, the results of ANOVA nonparametric post-tests pair-
wise comparison of the four environments show that at the 90% confidence level, there is 
sufficient statistically significance to indicate that the stereoscopic voice/glove environment 
is preferred by novice users over the stereoscopic wand environment by 6.27% and over the 
non-stereoscopic interfaces by an average of 13.08%.   It should also be noted that the 
novice user group rated the stereoscopic wand interface 10.84% higher than the traditional 
non-stereoscopic workstation environment. 
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6.5.1.2 B3Ep3Ovr – Experienced User Overall Impressions Statistics 
Table 34 presents the results of ANOVA and post-tests calculations of experienced 
user overall impressions ratings of the four environments.  Interpretation of the test results 
follow the methods described in the section above for novice user tests which are quite 
similar. 
Each environment data was found to be normally distributed. Thus, as shown in the 
flowchart of Figure 6, Bartlett’s test is applied to determine the equality of means of the 
pair-wise environment comparisons as well as parametric post-ANOVA tests to determine 
the equality of environment means.   Further, examination of Table 34 shows that the 
results of the experienced user post-tests produced results of sufficient statistical 
significance to infer meaningful comparisons of only the stereoscopic wand environment 
with the stereoscopic voice/glove interface and with either of the non-stereoscopic 
environments.  Specifically, the results support the conclusion that for the experienced user 
group the stereoscopic wand interface is preferred by 23.5% over the stereoscopic 
voice/glove interface and is rated higher than either non-stereoscopic interface by 13.15%. 
Table 34 – B3Ep3Ovr – Experienced Users Pass 3 Overall Impressions Statistics 
 
 
6.5.1.3 B3Allp3Ovr – All Users Overall Impressions Statistics 
Table 35 presents the Benchmark 3 environment overall impressions ratings 
descriptive statistics for all users, both novice and experienced.  Examination of the KS-
statistic shows that not all of the environments produced data set results that were normally 
distributed.  Thus, nonparametric (Friedman-Dunn) pair-wise environment ANOVA post-
tests calculations were performed with the results presented in Table 35. 
 82 
 
Examination of the mean ratings listed in Table 35 shows that the there is sufficient 
evidence to support the overall user preference of both stereoscopic interfaces as compared 
to either non-stereoscopic environment.  However, there is sufficient evidence to infer that 
users rate the stereoscopic environments an average of 9.84% higher than the non-
stereoscopic environments. 
Table 35 – B3Allp3Ovr – All Users Pass 3 Overall Impressions Statistics 
 
6.6 Benchmark 3 Reliability  
Table 36 presents the Cronbach’s α values computed for the objective measures 
(elapsed navigation times) and overall subjective user ratings for the Benchmark 2 scenario.  
Note that the alphas for the standardized variables (removal of duplicate values) are above 
75%, indicating a high reliability for the benchmark.  (Appendix M presents the detailed 
pass/environment results of the reliability calculations.)   
Table 36 – Benchmark 3 Cronbach’s  α Reliability Coefficients 
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7 Collaboration 
Upon completion of testing baseline (Benchmark 1, 2, and 3) testing, Benchmarks 2 
and 3 were repeated using 5 groups of 3 individuals simultaneously within the 4 test 
environments.  The purpose of theses tests was to investigate the collaborative capabilities 
of the preferred stereoscopic voice/glove environment.  The testing was performed using 3 
groups of experienced users (9 individuals) and 2 groups of novice users (6 individuals). 
As with the individual testing, upon completion of each of the 3 passes, each user 
completed the environment survey rating his/her impressions of the collaborative 
characteristics of the environment. 
7.1 Enhanced Stereoscopic Voice/Glove Environment 
Initially the collaborative tests were to include a comparison of the previously 
reported stereoscopic voice/glove environment and a voice/glove environment enhanced to 
include a user requested “you-are-here” tracking map or interactive plan view inserted into 
a corner of the stereoscopic display.  This enhancement would provide the user with a quick 
visual reference of his/her location on a “floor-plan” of the space.   
This enhancement was added to the voice/glove environment as a 3D display but 
quickly proved to render the interface too slow to be a viable solution.  The enhancement 
was removed and collaborative testing was continued with the existing voice/glove 
environment.  However, after discussions with users and the development team, alternative 
approaches have been developed and are discussed in Section 9.3 of this report. 
7.2 Collaborative Benchmark 2 Timings 
As with previous Benchmark 2 (find/repair) tests, users were timed while locating 
and repairing 2 preset errors within the test space.  However, with the collaborative tests, 
groups of 3 users were each subjected to the exercise with each individual having the 
opportunity to lead (“drive”) the test. 
Figure 25 provides a comparison of the improvements in performance by 
collaborative group for each pass of the find/repair scenarios.  Examination of the chart 
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shows a 3.7% decrease in performance from pass 1 to pass 3, due to the particularly poor 
performance of one novice group, thereby influencing a 27.2% increase in performance 
from pass 2 to pass 3.   
 
Figure 25 – Collaborative Benchmark 2 Find/Repair Times by Group 
 
Table 37 provides the statistical comparison of the individual and collaborative 
Benchmark 2 results.  It shows that the data sets are normally distributed and that the 
individual and collaborative data t-tests show extremely low p values indicating that the 
results are significant, and thus the data sets have unequal means (reject H0).  This indicates 
that since the collaborative stereoscopic voice/glove environment produces significantly 
faster elapsed times than do individual users (~207% faster), the collaborative environment 
is “better” using this measure of performance. 
Figure 26 provides a comparison of Benchmark 2 find/repair times for individual 
users and for collaborative groups.  Note that there is a significant improvement in overall 
locating (find) and manipulation (repair) times with collaboration between the users within 
a group.  Figure 26 shows pass 1, find/repair improvements of more than 235%; pass 2 
improvements of almost 170%; pass 3 improvements of almost 207%; and 3 pass average 
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improvements of more than 203%.  Such results indicate that multiple designers within a 
space find and repair defects approximately twice as fast as individuals. 
 
Table 37 – Benchmark 2 Timings Comparisons - Individual vs Collaborative 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 26 – Comparison of Individual vs Collaborative Find/Repair Times 
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7.3 Collaborative Benchmark 2 Ratings 
As with the individual Benchmark tests, the user groups were asked, after each pass 
of the test, to rate the collaborative environment via the survey questionnaire.  Figure 27 
presents a graphical view of each group’s overall impressions of the collaborative 
operations of the stereoscopic glove/voice environment following each pass of the test.  
Note that the collaborative user groups show a 5.4% increase in approval rating from pass 1 
to pass 3. 
 
Figure 27 – Collaborative Benchmark 2 Group Overall Impressions Ratings 
 
Figure 28 presents a graphic of the find/repair overall impressions ratings of 
individual users as compared with collaborative group ratings.  It should be noted that the 
overall impressions of the collaborative environment rated somewhat lower (3.2%) than its 
capability by individual users.  As discussed in the conclusions, lower evaluations of the 
collaborative environment have been attributed to the group discussion of the need for 
enhancements to the interface as tested. 
However, a cursory examination of the group vs individual ratings statistics does 
seem to indicate that individually and in collaborative groups, users rate the stereoscopic 
 87 
 
voice/glove environment somewhat better than 4.0, which is good (4.235/5.0).  Further, the 
testers rated the environments within 3.2% between individual ratings and collaborative 
group ratings, as shown in Figure 28. 
Benchmark 2 - Average Overall Impressions Ratings 
Individuals and Groups
3.60
3.80
4.00
4.20
4.40
Pass
Rating
(0-5)
Individual 3.85 4.04 4.33 4.09
Collaborative 3.89 3.90 4.10 3.96
Pass 1 Pass 2 Pass 3 3 Pass Avg.
 
Figure 28 – Comparison of Individual vs Collaborative Find/Repair Overall Ratings 
 
The collaborative find/repair rating is found to be normally distributed, but the data 
for individual user’s rating is not normally distributed.  To evaluate statistical significance 
an unpaired, two-tailed, Mann-Whitney test is used, as shown in Table 38.  Due to a high P 
value, no statistically significant difference and be established.    
Table 38 – Collaborative Benchmark 2 Overall Impressions Statistics 
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7.4 Collaborative Benchmark 3 Offsets 
As with the individual Benchmark 3 (spatial awareness), users were timed while 
navigating through a previously unseen space searching for the placement of two icons.  
However, with the collaborative tests, groups of 3 users were each subjected to the exercise 
with each individual having the opportunity to lead (“drive”) the test.  During the course of 
each test, all members of the group collaborated on the search for the icons. 
Figure 29 provides a comparison of the offsets from the user perception of the actual 
placement of the icons.  Examination of the chart shows that each user group exhibited a 
marked improvement in accurately assessing the placement of the icons with each 
successive execution of the test.  Pass 2 placements were 30% more accurate than pass 1; 
pass 3 placements were 54% more accurate than pass 2; and 68% more accurate than pass 1. 
Examination of the data also shows that these results might have been even more 
dramatic except for some problems experienced by the second group of experienced users 
during passes 1 and 2.  It should also be noted that this same group produced perfect results 
by pass 3 execution.  Although in other circumstances this group’s data might be removed 
as an outlier, due to the very small test population, all data was retained. 
Collaborative Benchmark 3
Average Icon Placement Offsest by Group
0.00
2.00
4.00
6.00
8.00
10.00
Group
Offset
(in mm)
Pass 1 5.67 2.17 5.00 9.67 4.17 6.67 2.76
Pass 2 4.33 0.00 3.33 9.17 1.83 4.67 3.45
Pass 3 1.67 0.83 1.67 0.00 4.33 2.13 1.63
3 Pass Avg. 3.89 1.00 3.33 6.28 3.44 4.49 1.88
Nov-A Nov-B Exp-A Exp-B Exp-C Avg. St D
 
Figure 29 – Collaborative Benchmark 3 Spatial Awareness Offsets by Group 
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Table 39 presents the results of a comparison of the spatial awareness (Benchmark 3) test 
results for individual vs collaborative users.  Inspection of the table shows that the offsets 
reported by both populations are not normally distributed.  Therefore, a suitable 
nonparametric comparison method (Mann-Whitney) is employed to make the test of the 
hypothesis of equal medians (H0) as a measure of central tendency [97].   
As discussed earlier, the key result of the test is a P value that answers the question: If the 
populations really have the same median, what is the chance that random sampling would 
result in means as far apart (or more so) as observed?  Thus, if the P value is small, one can 
reject the idea that the difference is a coincidence, and conclude that the populations have 
different medians.  However, if the P value is large (as is the Benchmark 3 comparison), the 
data do not provide any reason to conclude that the overall medians differ and H0 is 
accepted [97]. 
Table 39 – Benchmark 3 Offsets Comparisons – Individuals vs Collaborative 
 
 
 
 
 
 
 
Figure 30 provides a comparison of Benchmark 3 spatial awareness offsets by pass 
for individual users and for collaborative groups.  Note that there is a consistent 
improvement in locating actual icon placements from pass to pass for both individuals and 
in collaborative groups.  On average, collaboration produced placements that were 46.1% 
closer to actual than placements by individuals.  It is also worth noting that the pass 3 
placements for individuals improved by 46% from pass 1 to pass 3 and improved by more 
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than 68 % as users collaborated on locating the placements.  Unfortunately, the small test 
population and high variance does not allow conclusions of statistical significance. 
Benchmark 3 Average Offsets by Pass
Individuals and Collaborative
0.00
2.00
4.00
6.00
8.00
10.00
12.00
14.00
Offset
(in mm)
Individual 12.33 5.53 2.11 6.66
Collaborative 5.33 3.73 1.70 3.59
Pass 1 Pass 2 Pass 3 3 Pass Avg.
 
Figure 30 – Comparison of Individual vs Collaborative Spatial Awareness Offsets 
7.5 Collaborative Benchmark 3 Ratings 
As with the individual Benchmark tests, the user groups were asked to rate the 
collaborative environment, via the survey questionnaire, after each pass of the test.  Figure 
31 presents a graphical view of each group’s overall impressions of the collaborative 
operations of the stereoscopic voice/glove environment following each pass of the test.  The 
descriptive statistics show that both populations fail tests for normality.  For this reason, the 
Mann-Whitney test is employed to determine statistical significance.  Table 40 provides the 
statistical analysis of the comparison showing that due to a high P value, no statistically 
significant difference in overall impressions of the environments can be established. 
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Figure 31 – Collaboration Benchmark 3 Group Overall Impressions Ratings 
 
Table 40 – Collaborative Benchmark 3 Overall Impressions Statistics 
 
 
 
 
 
 
 
Figure 32 provides a comparison of user overall impression ratings of spatial 
awareness for individuals vs collaborative groups  
Collaborative Benchmark 3
Overall Impressions Ratings by User Group
3.30
3.50
3.70
3.90
4.10
4.30
Pass
Rating
(0-5)
Pass 1 3.89 3.75 3.47 3.60 3.50 3.64
Pass 2 3.94 3.97 3.67 3.38 3.52 3.70
Pass 3 3.95 3.97 4.25 4.20 3.59 3.99
3 Pass Avg. 3.93 3.90 3.80 3.73 3.54 3.78
Nov-A Nov-B Exp-A Exp-B Exp-C Avg.
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Figure 32 – Comparison of Individual vs Collaborative Spatial Awareness Overall 
Impressions Ratings 
 
Benchmark 3 Average Overall Impressions Ratings 
Individual and Collaborative
3.50
3.70
3.90
4.10
4.30
4.50
4.70
Pass
Rating
(0-5)
Individual 3.67 3.74 3.99 3.80
Collaborative 4.21 4.46 4.58 4.44
Pass 1 Pass 2 Pass 3 3 Pass Avg.
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8 Benchmark 4 (Fault Identification) 
8.1 Description 
In a typical design review process, a design space is presented to the 
reviewer(s) who examine the space for design flaws (faults).  The purpose of this 
study is to help determine the applicability/usability of various user interfaces (both 
stereoscopic and non-stereoscopic) in improving this process.  Based on the 
preliminary results of the previous Benchmark testing, a fourth Benchmark scenario 
was prepared to help provide some initial economic indicators to quantify possible 
cost savings associated with the use of a stereoscopic CAVE environment in the 
location and identification of faults within a design space.  The scenario 
implemented and reported here is built upon the operations and scenarios developed 
for Benchmarks 1, 2, and 3. 
Six separate versions of the AC&R space were developed.  Each version 
contains ten distinct design faults similar to those prepared for Benchmark 2 
(find/repair).  However, the Benchmark 4 testing requires only that the users utilize 
the interface to locate and identify as many of these faults as possible in four 
minutes.  As with the previous testing, each user searches each of three separate 
scenarios utilizing the 86” non-stereoscopic interface and the stereoscopic wand 
interface in the CAVE environment.  The various scenario sequences were 
randomized (non-stereoscopic vs CAVE) and users were randomly assigned to start 
with either the non-stereoscopic interface or in the CAVE environment. 
As each user progressed through the active scenario/environment locating 
and identifying faults, the specific fault and the elapsed time was recorded for the 
analysis.  Although this method provides a significant quantity of data, for 
Benchmark 4, the key metric for comparison was the total number of faults found in 
each environment. 
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8.2 Benchmark 4 - Statistics 
8.2.1.1 Two Environment, Unpaired, Nonparametric Data 
Since the users were presented six separate sets of faults within the design space, 
the statistical analyses performed are not the same as for the previous Benchmark tests.  
Benchmark 4 tests are not paired (i.e., the user sees different, albeit very similar, sets of 
faults in each environment).  Thus unpaired comparison analysis methods are employed.  
Also, since only two environments are being compared and since very few of the 
resulting user data sets are normally distributed, the Mann-Whitney (nonparametric sum 
rank) test is used for the comparison of fault counts in the 86” non-stereoscopic and 
CAVE environments. 
The Man-Whitney test is a nonparametric test that compares two unpaired 
groups.  The method first ranks all of the fault counts from low to high, paying no 
attention to which group each value belongs.  If two values are the same, each gets the 
average of the two ranks for which they tie.  The smallest value gets the rank of 1 and 
the largest gets the rank of N where N is the total number of values in the two groups.  
The method then sums the ranks in each group.  If the sums of the ranks are very 
different, the P-value should be small.   
As with all of the previous tests, the P-value answers the question (within a 
90% confidence level): If the populations really have the same media, what is the 
chance that random sampling would result in a sum of the ranks as far apart (or 
more so) as observed? [97]” 
 
8.3 Benchmark 4 - Pass 1  
Figure 33 graphically presents a comparison of the pass 1 Benchmark 4 
count of faults identified by each user groups.  It should be noted that there is little 
difference between either the non-stereoscopic or CAVE environments in the 
quantity of faults identified upon user first exposure (pass 1) to the 
environment/scenario.  
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Benchmark 4 - Pass 1
 All Users Fault Counts
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CAVE 6 7 6 5 7 6 5 7 4 7 4 5 7 6 5 7 7 8 7 7 7 5 6 8 7 6 6 7 6 7 6.27 1.05
N1 N2 N3 N4 N5 N6 N7 N8 N9 N10 N11 N12 N13 N14 N15 E1 E2 E3 E4 E5 E6 E7 E8 E9 E10 E11 E12 E13 E14 E15 Avg StD
 
Figure 33:  Benchmark 4 Pass 1 Fault Counts 
 
The descriptive statistics data and Mann-Whitney test results presented in 
Table 41 show that at a 90% confidence level for pass 1, neither environment 
produces a statistically significant improvement in the facilitation of fault 
identification.  However, it is interesting to note that the means of the two 
environments (86” non-stereoscopic: 6.100 and CAVE: 6.267) differ by only 0.167 
(of a possible 10).  Also of interest is that the CAVE environment presents a more 
uniform range of fault counts (ie., a standard deviation almost 0.7 less than that for 
the non-stereoscopic interface) and shows 11.3% lower coefficient of variation in 
reported counts. 
Table 41 – Benchmark 4 Pass1 Fault Counts Statistics 
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8.4 Benchmark 4 - Pass 2  
Figure 34 graphically presents a comparison of the pass 2 Benchmark 4 
count of faults identified by the user groups.  It should be noted that there is little 
difference between either the non-stereoscopic (mean: 6.867) or CAVE (mean: 
7.333) environments in the quantity of faults identified upon user’s 2nd exposure to 
the environment/scenario.  
Benchmark 4 - Pass 2
 All Users Fault Counts
0
2
4
6
8
10
User #
Faults
Found
86"Non 6 6 8 8 10 5 5 7 9 10 6 5 4 5 6 10 10 10 7 6 7 6 5 9 6 6 5 7 6 6 6.87 1.83
CAVE 9 7 8 8 9 8 7 8 5 8 7 7 5 7 7 9 7 8 8 7 8 6 5 9 6 7 7 8 7 8 7.33 1.12
N1 N2 N3 N4 N5 N6 N7 N8 N9 N10 N11 N12 N13 N14 N15 E1 E2 E3 E4 E5 E6 E7 E8 E9 E10 E11 E12 E13 E14 E15 Avg StD
 
Figure 34 – Benchmark 4 Pass 2 Fault Counts 
 
Table 42 shows that for pass 2 at a 90% confidence level, the CAVE 
environment produces a statistically significant improvement in the facilitation of 
fault identification.  The statistics show results somewhat similar to those of pass 1 
in that the Mann-Whitney test value indicates that the means are are significantly 
different.  Thus, for the pass 2 analysis, it is interesting to note that the means of the 
two environments (86” non-stereoscopic:  6.867 and CAVE: 7.333) differ by only 
0.466 (of a possible 10).  Also of interest is that, as for pass 1, the CAVE 
environment presents a more uniform range of fault counts (ie., a standard deviation 
of 0.71 less than that for the non-stereoscopic interface) and also shows 11.3% 
lower coefficient of variation in reported counts. 
 
 
 
 97  
Table 42 – Benchmark 4 Pass 2 Fault Counts Statistics 
 
8.5 Benchmark 4 - Pass 3  
Figure 33 graphically presents a comparison of the pass 3 Benchmark 4 
count of faults identified by the user groups.  It should be noted that in the allotted 
time, users identified more than one additional fault using the CAVE environment 
than with the 86” non-stereoscopic interface and that, as might be expected, the 
identified fault counts increased by almost 2.5 from pass 1 to pass 3. 
 As seen in Table 43, for pass 3 neither the descriptive statistics show that 
while fault counts for the non-stereoscopic interface are normally distributed, those 
for the CAVE environment are not normally distributed, and therefore, 
nonparametric methods are used to complete the analysis. 
The Mann-Whitney one-tailed test does show that the means of the two sets 
of test results are significantly different.  Thus it can be said, with statistical 
significance at the 95% level, that the interface providing the higher number of 
faults identified in the allotted time is the “better” environment.  In this case, the 
mean of the CAVE environment identified faults proves to be 1.3 higher than for the 
86” non-stereoscopic interface, indicating that the CAVE environment is “better.” 
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Benchmark 4 - Pass 3
 All Users Fault Counts
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Figure 35 – Benchmark 4 Pass 3 Fault Counts 
 
Table 43 – Benchmark 4 Pass 3 Fault Counts Statistics 
 
 
 
 
 
 
 
 
As with pass 1 and 2, the pass 3 results show that there is less variation in the 
data taken for the CAVE environment.  This consistency of results represents 
another potential advantage of the CAVE environment. 
8.6 Benchmark 4 - 3 Pass Average  
Figure 36 graphically presents a comparison of the 3 pass average of 
Benchmark 4 count of faults identified by the user groups.  It should be noted that 
use of the CAVE environment resulted in the identification of an average of 7.645 
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(of the possible 10) faults located in the design space and that use of the 86” non-
stereoscopic interface resulted in the identification of an average of 7.0.   
Table 44 shows that for the average of the 3 passes only the CAVE 
environment data set is normally distributed.  However, since the 86” non-
stereoscopic interface shows a nongaussian distribution, the Mann-Whitney method 
for comparing the two environments is required.  The results of this unpaired, one-
tailed test show a P-value of 0.0192 indicating that the means are significantly 
different and thus the interface producing the higher number of faults identified to 
be the “better” environment.  Since the mean for the CAVE environment is 0.645 
higher than that of the 86” non-stereoscopic interface, with statistical significance 
the CAVE environment can be said to be “better” for fault location and 
identification. 
 
Benchmark 4 - 3 Pass Avg.
 All Users Fault Counts
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Figure 36 – Benchmark 4 – 3 Pass Average Fault Counts 
Table 44 – Benchmark 4 – 3 Pass Average Fault Counts Statistics 
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8.7 Benchmark 4 - All Trials  
Table 45 presents the descriptive and comparative statistics of all trials 
(novice and experienced users across all passes).  The table shows that the Mann-
Whitney comparison of the fault counts across all 90 trials produces a one-tailed p-
value of 0.0059.  This indicates a statistically significant result at the 99% 
confidence level, showing that the CAVE environment allows users to locate and 
identify faults within a design space “faster” than the 86” non-stereoscopic 
environment using a traditional (keyboard/mouse) CAD interface.  Specifically, 
these overall results show that users can locate/identify 0.611 additional faults (on 
average) during the 4 minute test durations. 
Table 45 – Benchmark 4 – All Trials Fault Counts Statistics 
 
 
8.8 Benchmark 4 Fault ID Timings 
Tables 46 and 47 present a comparison of the average times for locating and 
identifying the faults projected in the Benchmark 4 scenarios.  Table 46 shows the 
results for the 86” non-stereoscopic (keyboard/mouse) interface and Table 47 shows 
the results using the CAVE environment.  Note that the tables present the elapsed 
times per identified fault for the novice user group, experienced user group, and for 
all users.   
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Table 46 – Benchmark 4 Elapsed Fault ID Elapsed Times – 86” Non-Stereo 
Interface 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 47 – Benchmark 4 Fault ID Elapsed Times – CAVE Environment 
 
 
 
8.9 Economic Factors 
8.9.1 VR System Capital and Operating Costs 
In a university research environment, a typical capital investment cost of 
$577,300 can be expected to implement a CAVE environment of front, left, right, 
and floor projection including the suspension grid structure, mirrors, RGB 
projectors, tracking system, cabling, computer system, software, shipping and 
installation [104].  It is assumed that the building preparation is $22,700 yielding a 
capital cost of $600K which represents a reasonable estimate for a university 
installation where buildings and other infrastructure already exist. 
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Operating costs include approximately $60K/year for a research engineer.  
With fringe benefits of 25% and overhead costs at 40%, annual operating costs are 
estimated at $105K. 
8.9.2 VR System Cost Savings 
The design review process is a user and time intensive task.  It is argued that 
by providing a more efficient interface, users become more efficient and are able to 
locate more faults.  This reduces disruption and rework costs by the shipbuilder.  It 
should be noted that Storch et al. [105] state that between 35% and 60% of product 
cost for US shipyards are labor costs, and 40% is taken as a conservative industry 
estimate.  The Benchmark 4 test is designed to help quantify this cost difference.   
As discussed in the introduction, this study is supported under funding 
provided by the Office of Naval Research (ONR) and was conducted at the 
University of New Orleans Gulf Coast Region Maritime Technology Center at the 
Northrop Grumman Ship Systems (NGSS), Avondale Shipyards, Avondale. LA.  
While specific NGSS production and fault-related cost data is proprietary, for the 
purposes of this study the following ship production costing assumptions are used 
as reported in published sources: 
• Overall LPD prototype cost, $1.76B [106] 
• Overall DD(X) prototype cost, $3.3B [107] 
• Overall Virginia class prototype SSN cost, $2.6B [108] 
• Rework and disruption due to faults (flaws) is virtually all labor 
• Labor cost is approximately 40% of ship cost [105]. 
 
As noted in Section 8.5 and Table 43, at the completion on the final pass of 
Benchmark 4 testing for all users, the CAVE environment allows reviewers to 
locate and identify 1.3 more faults within the 4 minute allocated search time than 
with the 86” traditional CAD interface (9.333 vs 8.033 faults).  This result indicates 
a 16.2% overall increase in fault location and identification using the CAVE 
environment.   Using the conservative fault cost data above, the following formula 
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can be used to estimate the savings possible resulting from the use of the CAVE 
environment during the basic design review process for fault identification: 
cost avoidance = overall ship program cost  
* % ship program cost attributed to faults  
* % ship program cost as labor 
* % increase in fault identification.                       (8-1) 
 
Table 48 provides a range of possible savings by ship type based on the 
variable range of the percentage of cost attributed for fault identification as 
described by Storch, et al. [105]. 
Table 48 – Prototype Ship Cost Savings Using Virtual Environments 
 
Figure 37 presents the savings possible for each class of ship fro the range of 
percentages of costs attributed to fault identification. 
 
 
 
 
 
 
 
 
 
Figure 37 – Potential LPD Prototype Rework Savings 
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9 Conclusions and Recommendations 
9.1 Competitive Analysis of Environments 
Tables 49 presents a tabulation of the results of the ANOVA pair-wise 
comparisons of the interfaces for Benchmark 1, 2, and 3 measurements for both 
timings/offsets and user environment ratings for pass 3.  The results presented show the 
comparison of the population means for each environment/interface as described by the 
software packages (Prisim [94] and SAS [99]) reported for a 90% confidence level. 
Table 49 – ANOVA Pair-wise Environment Comparisons Summary 
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Generalizing the environment comparisons presented in Tables 48, one can infer 
that for all users the stereoscopic wand interface can be demonstrated to be only 
statistically “better” for navigation (Benchmark 1) for some cases and rated higher in user 
preference.  Furthermore, the results for the stereoscopic voice/glove interface are mixed.  
However, for find and repair operations (Benchmark 2), a statistical basis for claims that 
the voice/glove and wand stereoscopic environments are better exist, and the stereoscopic 
interfaces are preferred by the users. 
For Benchmark 3 (spatial awareness), the statistics show somewhat better results 
for the voice/glove interface in both objective and subjective measures.  Additionally, 
under some circumstances the wand interface proves to be statistically better and 
preferred to non-stereoscopic methods. 
9.2 Stereoscopic vs Non-Steeoscopic Environment Comparisons 
Figures 38, 39, and 40 present a graphical comparison of stereoscopic vs non-
stereoscopic environment timing, offset, and overall ratings comparisons.  Examination of 
Figure 38 shows improvement in elapsed times for navigation (Benchmark 1) and distinct 
improvement for manipulation (Benchmark 2) functions using the stereoscopic 
environments.  Similarly, Figure 39 shows that the stereoscopic environments provide 
substantially improved spatial awareness, and Figure 40 presents a visual representation 
of user overall preference for the stereoscopic interfaces.  Although the statistical analysis 
is limited with regard to conclusions reached through test of hypothesis procedures, 
Figures 38 through 40 strongly imply the superiority of stereoscopic interfaces over non-
stereoscopic methods. 
 
 
 
 
 
Figure 38 – Stereoscopic vs Non-Stereoscopic Environment Times Comparisons 
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Figure 39 – Stereoscopic vs Non-Stereoscopic Environment Distance Offsets 
Comparisons 
 
 
 
 
 
 
 
Figure 40 – Stereoscopic vs Non-Stereoscopic Environment Overall Ratings 
Comparisons 
9.3 Spatial Awareness 
The user’s knowledge and understanding of the space is an important component 
of the design process.  The ability to measure user’s spatial awareness is a difficult task 
which is addressed in this study in Benchmark 3 as the ability of the user to locate an 
icon’s position in a unfamiliar space.  In production environments improved spatial 
awareness translates not only to the ability to relate parts/faults within the space but also 
to enhanced perception of the role of the space and the interactions of components within 
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the space.  This study show remarkable improvements (as much as 695%) in spatial 
awareness using stereoscopic interfaces over traditional, non-stereoscopic CAD 
environments.    Although this improvement cannot be directly linked to design quality by 
statistics or logic, it is argued that a designer with significantly improved awareness 
should provide a higher quality design. 
9.4 Collaborative Stereoscopic Voice/Glove Interface 
The collaborative ANOVA tests show extremely significant results indicating that 
there is a strong inference that the population means are unequal (within a 99.9% 
confidence level), thus indicating that H0 should be rejected and the alternate hypothesis 
that collaboration improves results accepted.  Therefore, the very large improvement in 
spatial awareness for the voice/glove environment in the collaborative mode vs the 
individual (better than 207%) is statistically proven. 
9.5 Fault Identification 
Benchmark 4 testing shows that stereoscopic environments appreciably improve 
the user’s ability to identify faults within a design space.  Table 45 shows that users in the 
CAVE environment identify 19.5 more faults per hour than with any other interface.  In a 
complex design/manufacturing organization this capability, coupled with the increases in 
spatial awareness using stereoscopic methods in collaborative environments, can lead to 
significant cost savings (as noted in Equation 8-1 of Section 8.9).   
9.6 Competitive Usability   
As discussed in the introduction, usability in software analysis normally indicates 
the user’s preferences for the layout/interaction of a software package, where navigation 
traditionally relates to information flow from upper-left to lower-right of an interface 
screen or the data input verification functions for a specific application.  Competing 
multiple interfaces with multiple control functions, especially in a virtual environment, 
provides an opportunity to investigate properties of the interfaces common to 
user/application success. 
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The author is unaware of published applications where competitive or comparative 
usability is the central tool employed.   Although a claim that this method is significantly 
novel as a technique is not asserted, it is thought that the use of competitive or 
comparative usability may be a new tool with important benefits for software engineers. 
9.7 Additional Testing 
As can be seen in the previous sections on statistically significant pass 3 elapsed 
times/distance offsets and overall impressions ratings comparisons (Table 49), 75% of the 
Benchmark 1, 2, and 3 tests provide results that can be said to be statistically significant. 
While no great improvement in the number of statistically significant results can be noted 
in the larger populations provided by combining the novice (15 testers) and experienced 
(15 testers) users into the total group of 30, statistics theory does imply that larger sample 
sizes generally provide more significant results.  With this in mind, future executions of 
the Benchmark 1, 2, and 3 scenarios with additional novice and experienced users is 
suggested, if funding in support of those tests can be obtained. 
9.8 Enhancements for Further Study 
During the course of the testing as documented in this report, users/testers, test 
administrators, and test developers often suggested possible enhancements to the 
interfaces that warrant further testing and evaluation.  These enhancements ran the gambit 
from simply expanding the interface to include a “you-are-here” tracking map in one 
corner of the workstation or ImmersaDesk display to the multi-screen, immersive, VR 
CAVE environment to simpler changes such as blinking, color, position, etc.  Although 
the research team would prefer to provide test data and evidence for each potential 
improvement, rigorous and professional usability testing required that the interfaces 
remain static during the actual summative tests.  To minimize the impact of these 
constraints, a less formal initial test of some interfaces might be performed. 
9.8.1 Tracking Map 
The “you-are-here” tracking map enhancement was suggested by the user groups 
as an aid to navigation through a new space.  As an initial implementation the developers 
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attempted to insert such a map, in 3D, into the existing ImmersaDesk environment.  This 
initial implementation placed too large a compute burden on the system and slowed user 
response times to an unusable level.  The enhancement was removed for the remainder of 
the testing due to the significant latency. 
However, after considerable discussions with the users, administrators, and 
developers, the group came to the conclusion that the map enhancement might be 
implemented in a less burdensome manner, allowing more rapid computation.  It is 
suggested that this enhancement be changed to a callable map activated/deactivated by the 
user via voice command.  Thus, the compute load is not constant, and the user requests 
“you-are-here” help only on-demand. 
9.8.2 Notes/Annotations Log 
Initial discussions between users and developers did not suggest a need/use for a 
notes or annotations page.  However, during testing, the users expressed a desire to make 
notes about the design/space.  As the testing progressed into collaborative groups this 
ability was more and more frequently requested.  With the voice/glove interface the 
notes/annotations can reference the voice file for detailed descriptions/annotations. 
 
9.8.3 CAVE-to-ImmersaDesk and CAVE-to-CAVE Collaboration 
With the availability of the CAVE and the 86” ImmersaDesk environments, 
comparison testing should be expanded to include design reviewers in each environment 
simultaneously.  Control mechanisms for “who’s driving” (ie., which environment/user 
has the movement/manipulation functions) and means for indicating and transferring 
these controls would be developed and the scenarios of Benchmarks 1, 2, 3, and 4 might 
be used to evaluate these mechanisms and functionality. 
CAVE-to-CAVE mechanisms evaluations would follow the methods proven in 
previous testing.  A proposed Navy-Industry VE network would provide for testing in 
other existing, distributed, CAVE and/or ImmersaDesk VE environments at such 
locations as: 
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• NRL, Washington, DC 
• H/HTC at NSWC Carderock, MD 
• NUWC Newport, RI 
• Naval Post-graduate School, Monterey, CA.   
9.9 Closure 
With new technologies available using virtual environments, engineers, designers, 
and managers have capable new tools based on new applications of hardware and 
software.  However, the use of this technology and technical standards should be 
integrated into methods that ensure the organization’s technical progress.  To accomplish 
this integration, the limitations and benefits of the technologies need to be explored and 
tested.  This thesis has undertaken this as a principle focus.  
9.9.1 Benchmarks, Measurements, and Ratings 
The study documented in this thesis includes the development of a survey rating 
questionnaire of 22 items in 4 categories (navigation, locating, manipulation, and general 
impressions) executed in each of 4 design environments (two non-stereoscopic and two 
stereoscopic).  The study also included development of four distinct benchmark test 
scenarios designed to provide substantial objective measures (elapsed times, offsets, and 
fault counts).  Each benchmark scenario was designed so that each test could be 
performed repeatedly. The study executed each benchmark three times with 30 total 
testers (15 novice and 15 experienced).  These tests provided 2570 distinct objective data 
points and 5,940 distinct subjective rating points for analysis. 
Benchmark environment test sequences were randomly assigned to user/testers to 
help reduce bias that might be introduced into the study based on non-random exposure to 
the test spaces.  Additionally, during the course of collaboration testing, users were 
randomly assigned to test groups of 3 (within novice and experienced classes).  Further, 
each user was afforded the opportunity to “drive” (operate the pointer or gestural 
interface) during one of the 3 executions of the collaborative benchmark. 
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9.9.2 Statistical Analysis for Proof of Significance 
Human users, equipment, and factors of randomness influence performance and 
measurements of performance.  With these influences, statistics as a mathematical science 
dictates that this randomness must be investigated and resolved appropriately in order to 
make reliable inference from the test data and analysis.  In this thesis, the management of 
randomness has been undertaken using well accepted and standard statistical methods.  
These methods proscribe that assessment of statistical significance at a given confidence 
level be achieved before hypotheses can be accepted or rejected.  This study has followed 
these methods and procedures in statistical analysis, and the conclusions drawn from this 
work are achieved with statistical significance.  The methodologies employed in 
achieving and delivering this statistical significance permits conclusions which rest on a 
solid mathematical basis.  This reliance on rigorous, repeatable, testing with standard 
statistical analysis should be understood as valid proof of the conclusions presented for 
this study.   
9.9.3 Summary 
The study was suggested to provide statistically significant proof of the hypothesis 
that new VR technologies could provide users with “better” tools for navigation, 
manipulation, and spatial awareness than exiting traditional, non-stereoscopic interfaces.  
The results of the study help verify this hypothesis. 
1) Navigation is improved (lower elapsed times to navigate through a design 
space) using the stereoscopic environments prove to be 17.9% faster than 
using the non-stereoscopic interfaces.  User survey overall subjective 
ratings of the environments show the stereoscopic voice/glove interface as 
preferred over the non-stereoscopic environments by as much as 11%. 
2) Manipulation (find/repair) times are 26% faster using the stereoscopic 
environments over the non-stereoscopic interfaces and the voice/glove 
stereoscopic environment is rated by all the users 6.5% higher than either 
non-stereoscopic interface. 
3) Remarkable (695%) improvements in spatial awareness are shown with the 
use of stereoscopic environments over either of the non-stereoscopic 
 112  
interfaces with user surveys of overall environment ratings showing a 9.4% 
higher preference for the stereoscopic voice/glove interface over either 
non-stereoscopic interface. 
4) Collaborative group find/repair times show that the stereoscopic 
voice/glove environment produces results over 3 times faster than did 
individual users.  However, users overall impressions ratings of the 
collaborative methods were 3.2% lower than working as individuals. 
5) Collaborative group spatial awareness results using the stereoscopic 
voice/glove interface show a 46.1% improvement over individual results 
with overall impressions ratings 14.8% higher than as individuals. 
6) The CAVE environment allowed users to identify more faults in test space 
over a 4 minute timeframe than using the 86” non-stereoscopic interface, 
producing an overall 16.2% overall increase in fault location and 
identification. 
9.9.4 Conclusion 
This study has improved the understanding of the benefits of immersive 
environments by utilizing usability analysis methods to compete multiple stereoscopic, 
immersive environments with traditional, non-stereoscopic CAD interfaces.  The rigorous 
usability analysis methods required the development of repeatable benchmark scenarios 
and user survey questionnaire that can be used to extend understanding benefits by using 
new environments/enhancements for comparison against traditional systems. 
The study shows that the use of stereoscopic interfaces in the design review 
process can significantly improve the time that users spend in navigating and 
manipulating objects within the design space.  Moreover, the study shows that use of the 
stereoscopic environments dramatically (695%) improves user spatial awareness.   
Finally, the study presents an economic analysis that shows a significant cost 
savings garnered from a demonstrated 16.2% overall increase in fault location and 
identification using an immersive CAVE environment for design reviews.  These cost 
savings per ship program are significantly greater than the acquisition and operating costs 
 113  
of the virtual environments.  This economic argument represents conclusive evidence that 
investment in stereoscopic systems is well justified. 
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Figure A- 1:  B1Np1Tim  Novice User Elapsed Times 
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Figure A- 2:  B1Np1Nav  Novice User Navigation Ratings 
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Figure A- 3:  B1Np1Loc  Novice User Locating Ratings 
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Figure A- 4:  B1Np1Mov  Novice User Manipulation Ratings 
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Figure A- 5:  B1Np1Gen  Novice User General Impressions Ratings 
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Figure A- 6:  B1Np1Ovr  Novice User Pass 1 Overall Impressions Ratings 
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Figure A- 7:  B1Np2Tim  Novice User Elapsed Times 
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Figure A- 8:  B1Np2Nav  Novice User Navigation Ratings 
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Figure A- 9:  B1Np2Loc  Novice User Locating Ratings 
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Figure A- 10:  B1Np2Mov  Novice User Manipulation Ratings 
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Figure A- 11:  B1Np2Gen  Novice User General Impressions Ratings 
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Figure A- 12:  B1Np2Ovr  Novice User Overall Impressions Ratings 
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Figure A- 13:  B1Np3Tim  Novice User Elapsed Times 
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Figure A- 14:  B1Np3Nav  Novice User Navigation Ratings 
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Figure A- 15:  B1Np3Loc  Novice User Locating Ratings 
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Figure A- 16:  B1Np3Mov  Novice User Manipulation Ratings 
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Figure A- 17:  B1Np3Gen  Novice User General Impressions Ratings 
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Figure A- 18:  B1Np3Ovr  Novice User Overall Impressions Ratings 
 
 
 
 
Table A- 18:  B1Np3Ovr  Novice User Overall Impressions Ratings Statistics  
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Figure A- 19:  B1N3pAvgTim  Novice Users Elapsed Times 
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Figure A- 20:  B1N3pAvgNav  Novice Users Navigation Ratings 
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Figure A- 21:  B1N3pAvg  Novice User Locating Ratings 
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Figure A- 22:  B1N3pAvgMov  Novice User Manipulation Ratings 
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Figure A- 23:  B1N3pAvgGen  Novice User General Impressions Ratings 
 
 
 
 
Table A- 23:  B1N3pAvgGen  Novice User General Impressions Ratings Statistics 
 
  
 
Figure A- 24:  B1N3pAvgOvr  Novice User Overall Impressions Ratings 
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Figure B- 1:  B1Ep1Tim  Experienced User Elapsed Times 
 
 
 
 
 
Table B- 1:   B1Ep1Tim  Experienced User Elapsed Times Statistics 
 150 
 
 
Figure B- 2:  B1Ep1Nav  Experienced User Navigation Ratings 
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Figure B- 3:  B1Ep1Loc  Experienced User Locating Ratings 
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Figure B- 4:  B1Ep1Mov  Experienced User Manipulation Ratings 
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Figure B- 5:  B1Ep1Gen  Experienced User General Impressions Ratings 
 
 
 
 
 
Table B- 5:  B1Ep1Gen  Experienced User General Impressions Ratings Statistics 
 
 154 
 
 
Figure B- 6:  B1Ep1Ovr  Experienced User Pass 1 Overall Impressions Ratings 
 
 
 
 
 
Table B- 6:  B1Ep1Ovr  Experienced User Overall Pass 1 Impressions Ratings 
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Figure B- 7:  B1Ep2Tim  Experienced User Elapsed Times 
 
 
 
 
Table B- 7:  B1Ep2Tim  Experienced User Elapsed Times Statistics 
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Figure B- 8:  B1Ep2Nav  Experienced User Navigation Ratings 
 
 
 
 
 
Table B- 8:  B1Ep2Nav  Experienced User Navigation Ratings Statistics 
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Figure B- 9:  B1Ep2Loc  Experienced User Locating Ratings 
 
 
 
 
 
Table B- 9:  B1Ep2Loc  Experienced User Locating Ratings Statistics 
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Figure B- 10:  B1Ep2Mov  Experienced User Manipulation Ratings 
 
 
 
 
 
Table B- 10:  B1Ep2Mov  Experienced User Manipulation Ratings Statistics 
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Figure B- 11:  B1Ep2Gen  Experienced User General Impressions Ratings 
 
 
 
 
 
Table B- 11:  B1Ep2Gen  Experienced User General Impressions Ratings Statistics 
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Figure B- 12:  B1Ep2Ovr  Experienced User Overall Impressions Ratings 
 
 
 
 
Table B- 12:  B1Ep2Ovr  Experienced User Overall Impressions Ratings Statistics 
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Figure B- 13:  B1Ep3Tim  Experienced User Elapsed Times 
 
 
 
 
Table B- 13  B1Ep3Tim  Experienced User Elapsed Times 
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Figure B- 14:  B1Ep3Nav  Experienced User Navigation Ratings 
 
 
 
 
 
Table B- 14  B1Ep3Nav  Experienced User Navigation Ratings 
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Figure B- 15:  B1Ep3Loc  Experienced User Locating Ratings 
 
 
 
 
 
Table B- 15:  B1Ep3Loc  Experienced User Locating Ratings Statistics 
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Figure B- 16:  B1Ep3Mov  Experienced User Manipulation Ratings 
 
 
 
 
 
Table B- 16:  B1Ep3Mov  Experienced User Manipulation Ratings Statistics 
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Figure B- 17:  B1Ep3Gen  Experienced User General Impressions Ratings 
 
 
 
 
 
Table B- 17:  B1Ep3Gen  Experienced User General Impressions Ratings Statistics 
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Figure B- 18:  B1Ep3Ovr  Experienced User Overall Impressions Ratings 
 
 
 
 
 
Table B- 18:  B1Ep3Ovr  Experienced User Overall Impressions Ratings 
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Figure B- 19:  B1E3pAvgTim  Experienced Users Elapsed Times 
 
 
 
 
Table B- 19:  B1E3pAvgTim  Experienced Users Elapsed Times Statistics 
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Figure B- 20:  B1E3pAvgNav  Experienced Users Navigation Ratings 
 
 
 
 
 
Table B- 20:  B1E3pAvgNav  Experienced Users Navigation Ratings 
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Figure B- 21:  B1E3pAvg  Experienced User Locating Ratings 
 
 
 
 
Table B- 21:  B1E3pAvg  Experienced User Locating Ratings  Statistics 
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Figure B- 22:  B1E3pAvgMov  Experienced User Manipulation Ratings 
 
 
 
 
 
Table B- 22:  B1E3pAvgMov  Experienced User Manipulation Ratings Statistics 
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Figure B- 23:  B1E3pAvgGen  Experienced User General Impressions Ratings 
 
 
 
 
Table B- 23:  B1E3pAvgGen  Experienced User General Impressions Ratings 
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Figure B- 24:  B1E3pAvgOvr  Experienced User Overall Impressions Ratings 
 
 
 
 
Table B- 24:  B1E3pAvgOvr  Experienced User Overall Impressions Ratings 
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Appendix C 
 
All Users Benchmark 1 (Navigation) Detail 
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Figure C- 1:  B1ALLp1Tim  All Users Elapsed Times 
 
 
 
 
Table C- 1:  B1ALLp1Tim  All Users Elapsed Times Statistics 
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Figure C- 2:  B1ALLp1Nav  All Users Navigation Ratings 
 
 
 
Table C- 2:  B1ALLp1Nav  All Users Navigation Ratings Statistics 
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Figure C- 3:  B1ALLp1Loc  All Users Locating Ratings 
 
 
 
 
Table C- 3:  B1ALLp1Loc  All Users Locating Ratings Statistics 
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Figure C- 4:  B1ALLp1Mov  All Users Manipulation Ratings 
 
 
 
 
Table C- 4:  B1ALLp1Mov  All Users Manipulation Ratings Statistics 
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Figure C- 5:  B1ALLp1Gen  All Users General Impressions Ratings 
 
 
 
 
 
Table C- 5:  B1ALLp1Gen  All Users General Impressions Ratings Statistics 
 
 179 
 
 
Figure C- 6:  B1ALLp1Ovr  All Users Pass 1 Overall Impressions Ratings 
 
 
Table C- 6:  B1ALLp1Ovr  All Users Pass 1 Overall Impressions Ratings Statistics 
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Figure C- 7:  B1ALLp2Tim  All Users Elapsed Times 
 
 
 
 
Table C- 7:  B1ALLp2Tim  All Users Elapsed Times Statistics 
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Figure C- 8:  B1ALLp2Nav  All Users Navigation Ratings 
 
 
 
 
 
Table C- 8:  B1ALLp2Nav  All Users Navigation Ratings Statistics 
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Figure C- 9:  B1ALLp2Loc  All Users Locating Ratings 
 
 
 
 
Table C- 9:  B1ALLp2Loc  All Users Locating Ratings Statistics 
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Figure C- 10:  B1ALLp2Mov  All Users Manipulation Ratings 
 
 
 
 
Table C- 10:  B1ALLp2Mov  All Users Manipulation Ratings Statistics 
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Figure C- 11:  B1ALLp2Gen  All Users General Impressions Ratings 
 
 
 
Table C- 11:  B1ALLp2Gen  All Users General Impressions Ratings Statistics 
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Figure C- 12:  B1ALLp2Ovr  All Users Overall Impressions Ratings 
 
 
 
 
 
Table C- 12:  B1ALLp2Ovr  All Users Overall Impressions Ratings Statistics 
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Figure C- 13:  B1ALLp3Tim  All Users Elapsed Times 
 
 
 
 
Table C- 13:  B1ALLp3Tim  All Users Elapsed Times Statistics 
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Figure C- 14:  B1ALLp3Nav  All Users Navigation Ratings 
 
 
 
 
 
Table C- 14:  B1ALLp3Nav  All Users Navigation Ratings Statistics 
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Figure C- 15:  B1ALLp3Loc  All Users Locating Ratings 
 
 
 
 
Table C- 15:  B1ALLp3Loc  All Users Locating Ratings Statistics 
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Figure C- 16:  B1ALLp3Mov  All Users Manipulation Ratings 
 
 
 
 
Table C- 16:  B1ALLp3Mov  All Users Manipulation Ratings Statistics 
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Figure C- 17:  B1ALLp3Gen  All Users General Impressions Ratings 
 
 
 
 
Table C- 17:  B1ALLp3Gen  All Users General Impressions Ratings Statistics 
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Figure C- 18:  B1ALLp3Ovr  All Users Overall Impressions Ratings 
 
 
 
 
Table C- 18:  B1ALLp3Ovr  All Users Overall Impressions Ratings Statistics 
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Figure C- 19:  B1ALL3pAvgTim  All Users Elapsed Times 
 
 
 
 
Table C- 19:  B1ALL3pAvgTim  All Users Elapsed Times Statistics 
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Figure C- 20:  B1ALL3pAvgNav  All Users Navigation Ratings 
 
 
 
 
Table C- 20:  B1ALL3pAvgNav  All Users Navigation Ratings Statistics 
 
 194 
 
Figure C- 21:  B1ALL3pLOC  All Users Locating Ratings 
 
 
 
 
Table C- 21:  B1ALL3pLOC  All Users Locating Ratings Statistics 
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Figure C- 22:  B1ALL3pAvgMov  All Users Manipulation Ratings 
 
 
 
 
Table C- 22  B1ALL3pAvgMov  All Users Manipulation Ratings Statistics 
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Figure C- 23:  B1ALL3pAvgGen  All Users General Impressions Ratings 
 
 
 
 
Table C- 23:  B1ALL3pAvgGen  All Users General Impressions Ratings Statistics 
 
  
Figure C- 24:  B1ALL3pAvgOvr  All Users Overall Impressions Rating 
 
 
 
 
 
Table C- 24:  B1ALL3pAvgOvr  All Users Overall Impressions Rating 
Statistics 
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Appendix D 
 
Novice User Benchmark 2 (Find/Repair) Detail
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Figure D- 1:  B2Np1Tim  Novice User Elapsed Times 
 
 
 
 
Table D- 1:  B2Np1Tim  Novice User Elapsed Times Statistics 
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Figure D- 2:  B2Np1Nav  Novice User Navigation Ratings 
 
 
 
 
Table D- 2:  B2Np1Nav  Novice User Navigation Ratings Statistics 
 
 201 
 
 
 
Figure D- 3:  B2Np1Loc  Novice User Locating Ratings 
 
 
 
 
Table D- 3:  B2Np1Loc  Novice User Locating Ratings Statistics 
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Figure D- 4:  B2Np1Mov  Novice User Manipulation Ratings 
 
 
 
 
Table D- 4:  B2Np1Mov  Novice User Manipulation Ratings Statistics 
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Figure D- 5:  B2Np1Gen  Novice User General Impressions Ratings 
 
 
 
 
Table D- 5:  B2Np1Gen  Novice User General Impressions Ratings Statistics 
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Figure D- 6:  B2Np1Ovr  Novice User Pass 1 Overall Impressions Ratings 
 
 
 
 
Table D- 6:  B2Np1Ovr  Novice User Pass 1 Overall Impressions Ratings Statistics 
 
 205 
 
 
Figure D- 7:  B2Np2Tim  Novice User Elapsed Times 
 
 
 
 
Table D- 7:  B2Np2Tim  Novice User Elapsed Times Statistics 
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Figure D- 8:  B2Np2Nav  Novice User Navigation Ratings 
 
 
 
 
Table D- 8:  B2Np2Nav  Novice User Navigation Ratings Statistics 
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Figure D- 9:  B2Np2Loc  Novice User Locating Ratings 
 
 
 
 
Table D- 9:  B2Np2Loc  Novice User Locating Ratings Statistics 
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Figure D- 10:  B2Np2Mov  Novice User Manipulation Ratings 
 
 
 
 
Table D- 10:  B2Np2Mov  Novice User Manipulation Ratings Statistics 
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Figure D- 11: B2Np2Gen  Novice User General Impressions Ratings 
 
 
 
 
Table D- 11:  B2Np2Gen  Novice User General Impressions Ratings Statistics 
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Figure D- 12:  B2Np2Ovr  Novice User Overall Impressions Ratings 
 
 
 
 
Table D- 12:  B2Np2Ovr  Novice User Overall Impressions Ratings Statistics 
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Figure D- 13:  B2Np3Tim  Novice User Elapsed Times 
 
 
 
 
Table D- 13:  B2Np3Tim  Novice User Elapsed Times Statistics 
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Figure D- 14:  B2Np3Nav  Novice User Navigation Ratings 
 
 
 
 
Table D- 14:  B2Np3Nav  Novice User Navigation Ratings Statistics 
 
 213 
 
Figure D- 15:  B2Np3Loc  Novice User Locating Ratings 
 
 
 
 
Table D- 15:  B2Np3Loc  Novice User Locating Ratings Statistics 
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Figure D- 16:  B2Np3Mov  Novice User Manipulation Ratings 
 
 
 
 
Table D- 16:  B2Np3Mov  Novice User Manipulation Ratings Statistics 
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Figure D- 17:  B2Np3Gen  Novice User General Impressions Ratings 
 
 
 
 
Table D- 17:  B2Np3Gen  Novice User General Impressions Ratings Statistics 
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Figure D- 18:  B2Np3Ovr  Novice User Overall Impressions Ratings 
 
 
 
 
Table D- 18:  B2Np3Ovr  Novice User Overall Impressions Ratings Statistics 
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Figure D- 19:  B2N3pAvgTim  Novice Users Elapsed Times 
 
 
 
Table D- 19:  B2N3pAvgTim  Novice Users Elapsed Times Statistics 
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Figure D- 20:  B2N3pAvgNav  Novice Users Navigation Ratings 
 
 
 
 
Table D- 20:  B2N3pAvgNav  Novice Users Navigation Ratings Statistics 
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Figure D- 21:  B2N3pAvgLoc  Novice User Locating Ratings 
 
 
 
Table D- 21:  B2N3pAvgLoc  Novice User Locating Ratings Statistics 
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Figure D- 22:  B2N3pAvgMov  Novice User Manipulation Ratings 
 
 
 
 
Table D- 22:  B2N3pAvgMov  Novice User Manipulation Ratings 
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Figure D- 23:  B2N3pAvgGen  Novice User General Impressions Ratings 
 
 
 
 
Table D- 23:  B2N3pAvgGen  Novice User General Impressions Ratings Statistics 
 
  
Figure D- 24:  B2N3pAvgOvr  Novice User Overall Impressions Ratings 
 
 
 
 
Table D- 24:  B2N3pAvgOvr  Novice User Overall Impressions Ratings 
Statistics 
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Appendix E 
 
Experienced User Benchmark 2 (Find/Repair) Detail
 224 
 
 
 
Figure E- 1:  B2Ep1Tim  Experienced User Elapsed Times 
 
 
 
 
Table E- 1:  B2Ep1Tim  Experienced User Elapsed Times Statistics 
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Figure E- 2:  B2Ep1Nav  Experienced User Navigation Ratings 
 
 
 
Table E- 2:  B2Ep1Nav  Experienced User Navigation Ratings Statistics 
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Figure E- 3:  B2Ep1Loc  Experienced User Locating Ratings 
 
 
 
Table E- 3:  B2Ep1Loc  Experienced User Locating Ratings Statistics 
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Figure E- 4:  B2Ep1Mov  Experienced User Manipulation Ratings 
 
 
 
 
Table E- 4:  B2Ep1Mov  Experienced User Manipulation Ratings Statistics 
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Figure E- 5:  B2Ep1Gen  Experienced User General Impressions Ratings 
 
 
 
Table E- 5:  B2Ep1Gen  Experienced User General Impressions Ratings Statistics 
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Figure E- 6:  B2Ep1Ovr  Experienced User Pass 1 Overall Impressions Ratings 
 
 
 
Table E- 6:  B2Ep1Ovr  Experienced User Pass 1 Overall Impressions Ratings 
Statistics 
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Figure E- 7:  B2Ep2Tim  Experienced User Elapsed Times 
 
 
 
 
Table E- 7:  B2Ep2Tim  Experienced User Elapsed Times Statistics 
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Figure E- 8:  B2Ep2Nav  Experienced User Navigation Ratings 
 
 
 
 
Table E- 8:  B2Ep2Nav  Experienced User Navigation Ratings Statistics 
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Figure E- 9:  B2Ep2Loc  Experienced User Locating Ratings 
 
 
 
 
Table E- 9:  B2Ep2Loc  Experienced User Locating Ratings Statistics 
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Figure E- 10:  B2Ep2Mov  Experienced User Manipulation Ratings 
 
 
 
Table E- 10:  B2Ep2Mov  Experienced User Manipulation Ratings Statistics 
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Figure E- 11:  B2Ep2Gen  Experienced User General Impressions Ratings 
 
 
 
 
Table E- 11:  B2Ep2Gen  Experienced User General Impressions Ratings Statistics 
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Figure E- 12:  B2Ep2Ovr  Experienced User Overall Impressions Ratings 
 
 
 
Table E- 12:  B2Ep2Ovr  Experienced User Overall Impressions Ratings Statistics 
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Figure E- 13:  B2Ep3Tim  Experienced User Elapsed Times 
 
 
 
 
Table E- 13:  B2Ep3Tim  Experienced User Elapsed Times Statistics 
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Figure E- 14:  B2Ep3Nav  Experienced User Navigation Ratings 
 
 
 
Table E- 14:  B2Ep3Nav  Experienced User Navigation Ratings Statistics 
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Figure E- 15:  B2Ep3Loc  Experienced User Locating Ratings 
 
 
 
Table E- 15:  B2Ep3Loc  Experienced User Locating Ratings Statistics 
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Figure E- 16:  B2Ep3Mov  Experienced User Manipulation Ratings 
 
 
 
Table E- 16:  B2Ep3Mov  Experienced User Manipulation Ratings Statistics 
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Figure E- 17:  B2Ep3Gen  Experienced User General Impressions Ratings 
 
 
 
Table E- 17:  B2Ep3Gen  Experienced User General Impressions Ratings Statistics 
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Figure E- 18:  B2Ep3Ovr  Experienced User Overall Impressions Ratings 
 
 
 
Table E- 18:  B2Ep3Ovr  Experienced User Overall Impressions Ratings Statistics 
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Figure E- 19:  B2E3pAvgTim  Experienced Users Elapsed Times 
 
 
 
Table E- 19:  B2E3pAvgTim  Experienced Users Elapsed Times Statistics 
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Figure E- 20:  B2E3pAvgNav  Experienced Users Navigation Ratings 
 
 
 
 
Table E- 20:  B2E3pAvgNav  Experienced Users Navigation Ratings Statistics 
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Figure E- 21:  B2E3pAvg  Experienced User Locating Ratings 
 
 
 
Table E- 21:  B2E3pAvg  Experienced User Locating Ratings Statistics 
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Figure E- 22:  B2E3pAvgMov  Experienced User Manipulation Ratings 
 
 
 
Table E- 22:  B2E3pAvgMov  Experienced User Manipulation Ratings Statistics 
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Figure E- 23:  B2E3pAvgGen  Experienced User General Impressions Ratings 
 
 
Table E- 23:  B2E3pAvgGen  Experienced User General Impressions Ratings 
Statistics 
 
  
 
 
Figure E- 24:  B2E3pAvgOvr  Experienced User Overall Impressions Ratings 
Table E- 24:  B2E3pAvgOvr  Experienced User Overall Impressions Ratings 
Statistics 
 
 248 
 
 
 
 
 
 
Appendix F 
 
All Users Benchmark 2 (Find/Repair) Detail 
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Figure F- 1:  B2Ap1Tim  All User Elapsed Times 
 
 
Table F- 1:  B2Ap1Tim  All User Elapsed Times Statistics 
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Figure F- 2:  B2Ap1Nav  All Users Navigation Ratings 
 
 
 
Table F- 2:  B2Ap1Nav  All Users Navigation Ratings Statistics 
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Figure F- 3:  B2Ap1Loc  All Users Locating Ratings 
 
 
 
 
Table F- 3:  B2Ap1Loc  All Users Locating Ratings Statistics 
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Figure F- 4:  B2Ap1Mov  All Users Manipulation Ratings 
 
 
 
Table F- 4:  B2Ap1Mov  All Users Manipulation Ratings Statistics 
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Figure F- 5:  B2Ap1Gen  All Users General Impressions Ratings 
 
 
 
Table F- 5:  B2Ap1Gen  All Users General Impressions Ratings Statistics 
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Figure F- 6:  B2Ap1Ovr  All Users Pass 1 Overall Impressions Ratings 
 
 
 
 
Table F- 6:  B2Ap1Ovr  All Users Pass 1 Overall Impressions Ratings Statistics 
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Figure F- 7:  B2Ap2Tim  All Users Elapsed Times 
 
 
 
Table F- 7:  B2Ap2Tim  All Users Elapsed Times Statistics 
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Figure F- 8:  B2Ap2Nav  All Users Navigation Ratings 
 
 
 
 
Table F- 8:  B2Ap2Nav  All Users Navigation Ratings Statistics 
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Figure F- 9:  B2Ap2Loc  All Users Locating Ratings 
 
 
 
Table F- 9:  B2Ap2Loc  All Users Locating Ratings Statistics 
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Figure F- 10:  B2Ap2Mov  All Users Manipulation Ratings 
 
 
 
Table F- 10:  B2Ap2Mov  All Users Manipulation Ratings Statistics 
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Figure F- 11:  B2Ap2Gen  All Users General Impressions Ratings 
 
 
 
Table F- 11:  B2Ap2Gen  All Users General Impressions Ratings Statistics 
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Figure F- 12:  B2Ap2Ovr  All Users Overall Impressions Ratings 
 
 
 
Table F- 12:  B2Ap2Ovr  All Users Overall Impressions Ratings Statistics 
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Figure F- 13:  B2Ap3Tim  All Users Elapsed Times 
 
 
 
Table F- 13:  B2Ap3Tim  All Users Elapsed Times Statistics 
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Figure F- 14:  B2Ap3Nav  All Users Navigation Ratings 
 
 
 
Table F- 14:  B2Ap3Nav  All Users Navigation Ratings Statistics 
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Figure F- 15:  B2Ap3Loc  All Users Locating Ratings 
 
 
 
Table F- 15:  B2Ap3Loc  All Users Locating Ratings Statistics 
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Figure F- 16:  B2Ap3Mov  All Users Manipulation Ratings 
 
 
 
Table F- 16:  B2Ap3Mov  All Users Manipulation Ratings Statistics 
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Figure F- 17:  B2Ap3Gen  All Users General Impressions Ratings 
 
 
 
Table F- 17:  B2Ap3Gen  All Users General Impressions Ratings Statistics 
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Figure F- 18:  B2Ap3Ovr  All Users Overall Impressions Ratings 
 
 
 
Table F- 18:  B2Ap3Ovr  All Users Overall Impressions Ratings Statistics 
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Benchmark 2 - All Users - 3 Pass Avg. Elapsed TImes
0
50
100
150
200
250
300
350
400
User #
Elapsed Time
 (in Sec.)
Glove 199.5 218.3 241.7 260.0 153.3 188.3 148.3 258.3 193.3 168.3 196.7 183.3 166.7 191.7 180.0 105.0 221.7 198.3 243.3 205.0 165.0 194.5 38.07
Wand 205.0 198.3 230.0 205.0 208.3 193.3 205.0 215.0 186.7 183.3 165.0 180.0 283.3 211.7 130.0 231.7 188.3 163.3 165.0 193.3 161.7 195.4 31.75
86"Non 300.0 326.7 281.7 310.0 321.7 266.7 288.8 368.3 218.3 226.7 258.3 168.3 295.0 203.3 126.7 338.3 248.3 228.3 171.7 208.3 248.3 257.3 61.90
W/S 306.7 260.0 250.0 321.7 311.7 228.3 270.0 235.0 283.3 220.0 265.0 193.3 325.0 188.3 126.7 300.0 255.0 168.3 233.3 228.3 231.7 247.7 51.77
N1 N2 N3 N4 N5 N6 N7 N8 N9 N10 E1 E2 E3 E4 E5 E6 E7 E8 E9 E10 E11 Avg StD
Figure F- 19:  B2A3pAvgTim  All Users Elapsed Times 
 
 
 
 
Table F- 19:  B2A3pAvgTim  All Users Elapsed Times Statistics 
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Figure F- 20:  B2A3pAvgNav  All Users Navigation Ratings 
 
 
 
 
Table F- 20:  B2A3pAvgNav  All Users Navigation Ratings Statistics 
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Figure F- 21:  B2A3pAvg  All Users Locating Ratings 
 
 
 
Table F- 21:  B2A3pAvg  All Users Locating Ratings Statistics 
 
 270 
 
 
 
Figure F- 22:  B2A3pAvgMov  All Users Manipulation Ratings 
 
 
 
Table F- 22:  B2A3pAvgMov  All Users Manipulation Ratings Statistics 
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Figure F- 23:  B2A3pAvgGen  All Users General Impressions Ratings 
 
 
 
Table F- 23:  B2A3pAvgGen  All Users General Impressions Ratings Statistics 
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Figure F- 24:  B2A3pAvgOvr  All Users Overall Impressions Ratings 
 
 
 
Table F- 24:  B2A3pAvgOvr  All Users Overall Impressions Ratings 
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Appendix G 
 
Novice User Benchmark 3 (Spatial Awareness) Detail 
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Figure G- 1:  B3Np1-1Off  Novice Users Pass 1-Icon 1 Offsets 
 
 
 
 
Table G- 1:  B3Np1-1Off  Novice Users Pass 1-Icon 1 Offsets Statistics 
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Figure G- 2:  B3Np1-2Off  Novice Users Pass 1 –Icon 2 Offsets 
 
 
 
 
Table G- 2:  B3Np1-2Off  Novice Users Pass2 –Icon 2 Offsets Statistics 
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Figure G- 3:  B3Np1TotOff  Novice Users Pass 1 Total Offsets 
 
 
 
 
Table G- 3:  B3Np1TotOff  Novice Users Pass 1 Total Offsets Statistics 
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Figure G- 4:  B3Np1Nav  Novice Users Pass 1 Navigation Ratings 
 
 
 
 
Table G- 4:  B3Np1Nav  Novice Users Pass 1 Navigation Ratings Statistics 
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Figure G- 5:  B3Np1Loc  Novice Users Pass 1 Locating Ratings 
 
 
 
 
Table G- 5:  B3Np1Loc  Novice Users Pass 1 Locating Ratings Statistics 
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Figure G- 6:  B3Np1Mov  Novice Users Manipulation Ratings 
 
 
 
 
Table G- 6:  B3Np1Mov  Novice Users Manipulation Ratings Statistics 
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Figure G- 7:  B3Np1Gen  Novice Users Pass 1 General Impressions Ratings 
 
 
 
 
Table G- 7:  B3Np1Gen  Novice Users Pass 1 General Impressions Ratings 
Statistics 
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 Figure G- 8:  B3Np1Ovr  Novice Users Pass 1 Overall Impressions 
Ratings 
 
 
 
 
 Table G- 8:  B3Np1Ovr  Novice Users Pass 1 Overall Impressions 
Ratings Statistics 
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Figure G- 9:  B3Np2-1Off  Novice Users Pass 2-Icon 1 Offsets 
 
 
 
 
Table G- 9:  B3Np2-1Off  Novice Users Pass 2-Icon 1 Offsets Statistics 
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Figure G- 10:  B3Np2-2Off  Novice Users Pass 2-Icon 2 Offsets 
 
 
 
 
Table G- 10:  B3Np2-2Off  Novice Users Pass 2-Icon 2 Offsets  Statistics 
 
 284 
 
 
Figure G- 11:  B3Np2TotOff  Novice Users Pass 2 Total Offsets 
 
 
 
 
Table G- 11:  B3Np2TotOff  Novice Users Pass 2 Total Offsets Statistics 
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Figure G- 12:  B3Np2Nav  Novice Users Pass 2 Navigation Ratings 
 
 
 
 
Table G- 12:  B3Np2Nav  Novice Users Pass 2 Navigation Ratings Statistics 
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Figure G- 13:  B3Np2Loc  Novice Users Pass 2 Locating Ratings 
 
 
 
 
Table G- 13:  B3Np2Loc  Novice Users Pass 2 Locating Ratings Statistics 
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Figure G- 14:  B3Np2Mov  Novice Users Pass 2 Manipulation Ratings 
 
 
 
 
Table G- 14:  B3Np2Mov  Novice Users Pass 2 Manipulation Ratings Statistics 
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Figure G- 15:  B3Np2Gen  Novice User Pass 2 General Impressions Ratings 
 
 
 
 
Table G- 15:  B3Np2Gen  Novice User Pass 2 General Impressions Ratings 
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Figure G- 16:  B3Np2Ovr  Novice Users Pass 2 Overall Impressions Ratings 
 
 
 
 
Table G- 16:  B3Np2Ovr  Novice Users Pass 2 Overall Impressions Ratings 
Statistics 
 
 290 
 
 
Figure G- 17:  B3Np3-1Off  Novice Users Pass 3-Icon 1 Offsets 
 
 
 
 
Table G- 17:  B3Np3-1Off  Novice Users Pass 3-Icon 1 Offsets Statistics 
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Figure G- 18:  B3Np3-2Off  Novice Users Pass 3-Icon 2 Offsets 
 
 
 
 
Table G- 18:  B3Np3-2Off  Novice Users Pass 3-Icon 2 Offsets Statistics 
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Figure G- 19:  B3Np3TotOff  Novice Users Pass 3 Total Offsets 
 
 
 
 
Table G- 19:  B3Np3TotOff  Novice Users Pass 3 Total Offsets Statistics 
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Figure G- 20:  B3Np3Nav  Novice Users Pass 3 Navigation Ratings 
 
 
 
 
Table G- 20:  B3Np3Nav  Novice Users Pass 3 Navigation Ratings Statistics 
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Figure G- 21:  B3Np3Loc  Novice Users Pass 3 Locating Ratings 
 
 
 
 
Table G- 21:  B3Np3Loc  Novice Users Pass 3 Locating Ratings Statistics 
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Figure G- 22:  B3Np3Mov  Novice Users Pass 3 Manipulation Ratings 
 
 
 
 
Table G- 22:  B3Np3Mov  Novice Users Pass 3 Manipulation Ratings Statistics 
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Figure G- 23:  B3Np3Gen  Novice users Pass 3 General Impressions Ratings 
 
 
 
 
Table G- 23:  B3Np3Gen  Novice users Pass 3 General Impressions Ratings 
Statistics 
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Figure G- 24:  B3Np3Ovr  Novice Users Pass 3 Overall Impressions Ratings 
 
 
 
 
Table G- 24:  B3Np3Ovr  Novice Users Pass 3 Overall Impressions Ratings 
Statistics 
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Figure G- 25:  B3N3pA-1Off  Novice Users 3 Pass Avg. Icon 1 Offsets 
 
 
 
 
Table G- 25:  B3N3pA-1Off  Novice Users 3 Pass Avg. Icon 1 Offsets Statistics 
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Figure G- 26:  B3N3pA-2of  Novice Users 3 Pass Avg. Icon 2 Offsets 
 
 
 
 
Table G- 26:  B3N3pA-2of  Novice Users 3 Pass Avg. Icon 2 Offsets Statistics 
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Figure G- 27:  B3N3pAtotOff  Novice Users 3 Pass Avg. Total Offsets 
 
 
 
 
Table G- 27:  B3N3pAtotOff  Novice Users 3 Pass Avg. Total Offsets Statistics 
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Figure G- 28:  B3N3pANav  Novice Users 3 Pass Avg. Navigation Ratings 
 
 
 
 
Table G- 28:  B3N3pANav  Novice Users 3 Pass Avg. Navigation Ratings 
Statistics 
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Figure G- 29:  B3N3pALoc  Novice Users 3 Pass Avg. Locating Ratings 
 
 
 
 
Table G- 29:  B3N3pALoc  Novice Users 3 Pass Avg. Locating Ratings 
Statistics 
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Figure G- 30:  B3N3pAMov  Novice Users 3 Pass Avg. Manipulation Ratings 
 
 
 
 
Table G- 30:  B3N3pAMov  Novice Users 3 Pass Avg. Manipulation Ratings 
Statistics 
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Figure G- 31:  B3N3pAgen  Novice Users 3 Pass Avg. General Impressions 
Ratings 
 
 
 
 
Table G- 31:  B3N3pAgen  Novice Users 3 Pass Avg. General Impressions 
Ratings Statistics 
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Figure G- 32:  B3N3pAvgOvr  Novice User 3 Pass Avg. Overall Impressions 
Ratings 
 
 
 
 
Table G- 32:  B3N3pAvgOvr  Novice User 3 Pass Avg. Overall Impressions 
Ratings Statistics 
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APPENDIX H 
 
Experienced User Benchmark 3 (Spatial Awareness) Detail 
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Figure H- 1:  B3Ep1-1Off  Experienced Users Pass 1-Icon 1 Offsets 
 
 
 
 
Table H- 1:  B3Ep1-1Off  Experienced Users Pass 1-Icon 1 Offsets Statistics 
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Figure H- 2:  B3Ep1-2Off  Experienced Users Pass 1-Icon 2 Offsets 
 
 
 
 
Table H- 2:  B3Ep1-2Off  Experienced Users Pass 1-Icon 2 Offsets Statistics 
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Figure H- 3:  B3Ep1TotOff  Experienced Users Pass 1 Total Offsets 
 
 
 
 
Table H- 3:  B3Ep1TotOff  Experienced Users Pass 1 Total Offsets Statistics 
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Figure H- 4:  B3Ep1Nav  Experienced Users Pass 1 Navigation Ratings 
 
 
 
 
Table H- 4:  B3Ep1Nav  Experienced Users Pass 1 Navigation Ratings 
Statistics 
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Figure H- 5:  B3Ep1Loc  Experienced Users Pass 1 Locating Ratings 
 
 
 
 
Table H- 5:  B3Ep1Loc  Experienced Users Pass 1 Locating Ratings Statistics 
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Figure H- 6:  B3Ep1Mov  Experienced Users Pass 1 Manipulation Ratings 
 
 
 
 
Table H- 6:  B3Ep1Mov  Experienced Users Pass 1 Manipulation Ratings 
Statistics 
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Figure H- 7:  B3Ep1Gen  Experienced Users Pass 1 General Impressions 
Ratings 
 
 
 
 
Table H- 7:  B3Ep1Gen  Experienced Users Pass 1 General Impressions 
Ratings Statistics 
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Figure H- 8:  B3Ep1Ovr  Experienced Users Pass 1 Overall Ratings 
 
 
 
 
Table H- 8:  B3Ep1Ovr  Experienced Users Pass 1 Overall Ratings Statistics 
 
 315 
 
 
Figure H- 9:  B3Ep2-1Off  Experienced Users Pass 2-Icon 1 Offsets 
 
 
 
 
Table H- 9:  B3Ep2-1Off  Experienced Users Pass 2-Icon 1 Offsets Statistics 
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Figure H- 10:  B3Ep2-2Off  Experienced Users Pass 2-Icon 2 Offsets 
 
 
 
 
Table H- 10:  B3Ep2-2Off  Experienced Users Pass 2-Icon 2 Offsets Statistics 
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Figure H- 11:  B3Ep2TotOff  Experienced Users Pass 2 Total Offsets 
 
 
 
 
Table H- 11:  B3Ep2TotOff  Experienced Users Pass 2 Total Offsets Statistics 
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Figure H- 12:  B3Ep2Nav  Experienced Users Pass 2 Navigation Ratings 
 
 
 
 
Table H- 12:  B3Ep2Nav  Experienced Users Pass 2 Navigation Ratings 
Statistics 
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Figure H- 13:  B3Ep2Loc  Experienced Users Pass 2 Locating Ratings 
 
 
 
 
Table H- 13:  B3Ep2Loc  Experienced Users Pass 2 Locating Ratings Statistics 
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Figure H- 14:  B3Ep2Mov  Experienced Users Pass 2 Manipulation Ratings 
 
 
 
 
Table H- 14:  B3Ep2Mov  Experienced Users Pass 2 Manipulation Ratings 
Statistics 
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Figure H- 15:  B3Ep2Gen  Experienced User Pass 2 General Impressions 
Ratings 
 
 
 
 
Table H- 15:  B3Ep2Gen  Experienced User Pass 2 General Impressions 
Ratings Statistics 
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Figure H- 16:  B3Ep2Ovr  Experienced Users Pass 2 Overall Impressions 
Ratings 
 
 
 
 
Table H- 16:  B3Ep2Ovr  Experienced Users Pass 2 Overall Impressions 
Ratings Statistics 
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Figure H- 17:  B3Ep3-1Off  Experienced Users Pass 3-Icon 1 Offsets 
 
 
 
 
Table H- 17:  B3Ep3-1Off  Experienced Users Pass 3-Icon 1 Offsets Statistics 
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Figure H- 18:  B3Ep3-2Off  Experienced Users Pass 3-Icon 2 Offsets 
 
 
 
 
Table H- 18:  B3Ep3-2Off  Experienced Users Pass 3-Icon 2 Offsets Statistics 
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Figure H- 19:  B3Ep3TotOff  Experienced Users Pass 3 Total Offsets 
 
 
 
 
Table H- 19:  B3Ep3TotOff  Experienced Users Pass 3 Total Offsets Statistics 
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Figure H- 20:  B3Ep3Nav  Experienced Users Pass 3 Navigation Ratings 
 
 
 
 
Table H- 20:  B3Ep3Nav  Experienced Users Pass 3 Navigation Ratings 
Statistics 
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Figure H- 21:  B3Ep3Loc  Experienced Users Pass 3 Locating Ratings 
 
 
 
 
Table H- 21:  B3Ep3Loc  Experienced Users Pass 3 Locating Ratings Statistics 
 
 328 
 
 
Figure H- 22:  B3Ep3Mov  Experienced Users Pass 3 Manipulation Ratings 
 
 
 
 
Table H- 22:  B3Ep3Mov  Experienced Users Pass 3 Manipulation Ratings 
Statistics 
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Figure H- 23:  B3Ep3Gen  Experienced Users Pass 3 General Impressions 
Ratings 
 
 
 
 
Table H- 23:  B3Ep3Gen  Experienced Users Pass 3 General Impressions 
Ratings Statistics 
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Figure H- 24:  B3Ep3Ovr  Experienced Users Pass 3 Overall Impressions 
Ratings 
 
 
 
 
Table H- 24:  B3Ep3Ovr  Experienced Users Pass 3 Overall Impressions 
Ratings Statistics 
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Figure H- 25:  B3E3pA-1Off  Experienced Users 3 Pass Avg. Icon 1 Offsets 
 
 
 
 
Table H- 25:  B3E3pA-1Off  Experienced Users 3 Pass Avg. Icon 1 Offsets 
Statistics 
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Figure H- 26:  B3E3pA-2of  Experienced Users 3 Pass Avg. Icon 2 Offsets 
 
 
 
 
Table H- 26:  B3E3pA-2of  Experienced Users 3 Pass Avg. Icon 2 Offsets 
Statistics 
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Figure H- 27:  B3E3pAtotOff  Experienced Users 3 Pass Avg. Total Offsets 
 
 
 
 
Table H- 27:  B3E3pAtotOff  Experienced Users 3 Pass Avg. Total Offsets 
Statistics 
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Figure H- 28:  B3E3pANav  Experienced Users 3 Pass Avg. Navigation Ratings 
 
 
 
 
Table H- 28:  B3E3pANav  Experienced Users 3 Pass Avg. Navigation Ratings 
Statistics 
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Figure H- 29:  B3E3pALoc  Experienced Users 3 Pass Avg. Locating Ratings 
 
 
 
 
Table H- 29:  B3E3pALoc  Experienced Users 3 Pass Avg. Locating Ratings 
Statistics 
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Figure H- 30:  B3E3pAMov  Experienced Users 3 Pass Avg. Manipulation 
Ratings 
 
 
 
 
Table H- 30:  B3E3pAMov  Experienced Users 3 Pass Avg. Manipulation 
Ratings Statistics 
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Figure H- 31:  B3E3pAGen  Experienced Users 3 Pass Avg. General Ratings 
 
 
 
 
Table H- 31:  B3E3pAGen  Experienced Users 3 Pass Avg. General Ratings 
Statistics 
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Figure H- 32:  B3E3pAvgOvr  Experienced User 3 Pass Avg. Overall Ratings 
 
 
 
 
Table H- 32:  B3E3pAvgOvr  Experienced User 3 Pass Avg. Overall Ratings 
Statistics 
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Appendix I 
 
All Users Benchmark 3 (Spatial Awareness) Detail 
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Figure I- 1:  B3Ap1-1off  All Users Pass 1-Icon 1 Offsets 
 
 
 
 
Table I- 1:  B3Ap1-1off  All Users Pass 1-Icon 1 Offsets Statistics 
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Figure I- 2:  B3Ap1-2off  All Users Pass 2-Icon 2 Offsets 
 
 
 
 
Table I- 2:  B3Ap1-2off  All Users Pass 2-Icon 2 Offsets Statistics 
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Figure I- 3:  B3Ap1TotOff  All Users Pass 1 Total Offsets 
 
 
 
 
Table I- 3:  B3Ap1TotOff  All Users Pass 1 Total Offsets Statistics 
 
 343 
 
 
 
Figure I- 4:  B3Ap1Nav  All Users Pass 1 Navigation Ratings 
 
 
 
 
Table I- 4:  B3Ap1Nav  All Users Pass 1 Navigation Ratings Statistics 
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Figure I- 5:  B3Ap1Loc  All Users Pass 1 Locating Ratings 
 
 
 
 
Table I- 5:  B3Ap1Loc  All Users Pass 1 Locating Ratings Statistics 
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Figure I- 6:  B3Ap1Mov  All Users Pass 1 Manipulation Ratings 
 
 
 
 
Table I- 6:  B3Ap1Mov  All Users Pass 1 Manipulation Ratings Statistics 
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Figure I- 7:  B3Ap1Loc  All Users Pass 1 General Impressions Ratings 
 
 
 
 
Table I- 7:  B3Ap1Loc  All Users Pass 1 General Impressions Ratings Statistics 
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Figure I- 8:  B3Ap1Ovr  All Users Pass 1 Overall Ratings 
 
 
 
 
Table I- 8:  B3Ap1Ovr  All Users Pass 1 Overall Ratings Statistics 
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Figure I- 9:  B3Ap2-1off  All Users Pass 2-Icon 1 Offsets 
 
 
 
 
Table I- 9:  B3Ap2-1off  All Users Pass 2-Icon 1 Offsets Statistics 
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Figure I- 10:  B3Ap2-2off  All Users Pass 2-Icon 2 Offsets 
 
 
 
 
Table I- 10:  B3Ap2-2off  All Users Pass 2-Icon 2 Offsets Statistics 
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 Figure I- 11:  B3Ap2TotOff  All Users Pass 2 Total Offsets 
 
 
 
 
 Table I- 11:  B3Ap2TotOff  All Users Pass 2 Total Offsets Statistics 
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Figure I- 12:  B3Ap2Nav  All Users Pass 2 Navigation Ratings 
 
 
 
 
Table I- 12:  B3Ap2Nav  All Users Pass 2 Navigation Ratings Statistics 
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Figure I- 13:  B3Ap2Loc  All Users Pass 2 Locating Ratings 
 
 
 
 
Table I- 13:  B3Ap2Loc  All Users Pass 2 Locating Ratings Statistics 
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Figure I- 14:  B3Ap2Mov  All Users Pass 2 Manipulation Ratings 
 
 
 
 
Table I- 14:  B3Ap2Mov  All Users Pass 2 Manipulation Ratings Statistics 
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Figure I- 15:  B3Ap2Gen  All User Pass 2 General Impressions Ratings 
 
 
 
 
Table I- 15:  B3Ap2Gen  All User Pass 2 General Impressions Ratings 
Statistics 
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Figure I- 16:  B3Ap2Ovr  All Users Pass 2 Overall Impressions Ratings 
 
 
 
 
Table I- 16:  B3Ap2Ovr  All Users Pass 2 Overall Impressions Ratings 
Statistics 
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Figure I- 17:  B3Ap3-1off  All Users Pass 3-Icon 1 Offsets 
 
 
 
 
Table I- 17:  B3Ap3-1off  All Users Pass 3-Icon 1 Offsets Statistics 
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Figure I- 18:  B3Ap3-2off  All Users Pass 3-Icon 2 Offsets 
 
 
 
 
Table I- 18:  B3Ap3-2off  All Users Pass 3-Icon 2 Offsets Statistics 
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Figure I- 19:  B3Ap3TotOff  All Users Pass 3 Total Offsets 
 
 
 
 
Table I- 19:  B3Ap3TotOff  All Users Pass 3 Total Offsets Statistics 
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Figure I- 20:  B3Ap3Nav  All Users Pass 3 Navigation Ratings 
 
 
 
 
Table I- 20:  B3Ap3Nav  All Users Pass 3 Navigation Ratings Statistics 
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Figure I- 21:  B3Ap3Loc  All Users Pass 3 Locating Ratings 
 
 
 
 
Table I- 21:  B3Ap3Loc  All Users Pass 3 Locating Ratings Statistics 
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Figure I- 22:  B3Ap3Mov  All Users Pass 3 Manipulation Ratings 
 
 
 
 
Table I- 22:  B3Ap3Mov  All Users Pass 3 Manipulation Ratings Statistics 
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Figure I- 23:  B3Ap3Gen  All users Pass 3 General Impressions Ratings 
 
 
 
 
Table I- 23:  B3Ap3Gen  All users Pass 3 General Impressions Ratings 
Statistics 
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Figure I- 24:  B3Ap3Ovr  All Users Pass 3 Overall Impressions Ratings 
 
 
 
 
Table I- 24:  B3Ap3Ovr  All Users Pass 3 Overall Impressions Ratings 
Statistics 
 
 
 364 
 
 
Figure I- 25:  B3A3pA-1Off  All Users 3 Pass Avg. Part 1 Offsets 
 
 
 
 
Table I- 25:  B3A3pA-1Off  All Users 3 Pass Avg. Part 1 Offsets Statistics 
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Figure I- 26:  B3A3pA-2Off  All Users 3 Pass Avg. Part 2 Offsets 
 
 
 
 
Table I- 26:  B3A3pA-2Off  All Users 3 Pass Avg. Part 2 Offsets Statistics 
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Figure I- 27:  B3p3A-totOff  All Users 3 Pass Avg. Total Offsets 
 
 
 
 
Table I- 27:  B3p3A-totOff  All Users 3 Pass Avg. Total Offsets Statistics 
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Figure I- 28:  B3A3pAnav  All Users 3 Pass Avg. Navigation Ratings 
 
 
 
 
Table I- 28:  B3A3pAnav  All Users 3 Pass Avg. Navigation Ratings Statistics 
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Figure I- 29:  B3A3pAloc  All Users 3 Pass Avg. Locating Ratings 
 
 
 
 
Table I- 29:  B3A3pAloc  All Users 3 Pass Avg. Locating Ratings 
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Figure I- 30:  B3A3pAmov  All Users 3 Pass Avg. Manipulation Ratings 
 
 
 
 
Table I- 30:  B3A3pAmov  All Users 3 Pass Avg. Manipulation Ratings 
Statistics 
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Figure I- 31:  B3A3pAgen  All Users 3 Pass Avg. General Impressions Ratings 
 
 
 
 
Table I- 31:  B3A3pAgen  All Users 3 Pass Avg. General Impressions Ratings 
 
 371 
 
 
Figure I- 32:  B3A3pAvgOvr  All User 3 Pass Avg. Overall Impressions 
Ratings 
 
 
 
 
Table I- 32:  B3A3pAvgOvr  All User 3 Pass Avg. Overall Impressions Ratings 
Statistics 
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Appendix J 
 
Benchmark 1 Statistically Significant Environment Comparisons
  
Tables J-1 (Novice), J-2 (Experienced), and J-3 (All) present a compilation 
of the statistically significant findings of the overall Benchmark 1 testing.  The 
tabulation includes the significance of both the objective (elapsed time) measures 
and the subjective user ratings by category.  Overall the tables show that 285 of the 
432 Benchmark 1 elapsed time and ratings comparisons produce statistically 
significant results (65.97%).  
Table J-1 shows that 92 of the 144 novice user Benchmark 1 elapsed times 
and ratings comparisons produced statistically significant results (63.89%). 
Table J- 1  Benchmark 1 Novice Users Statistically Significant Comparisons 
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Table J-2 shows that the experienced user group test environment comparisons 
tests provide a somewhat lower percentage (63.19%) of statistically significant 
results.   
Table J- 2  Benchmark 1 Experienced Users Statistically Significant 
Comparisons 
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Similarly, Table J-3 shows that the all users Benchmark 1 elapsed times and 
ratings comparisons produced statistically significant results in 102 of the 144 
elapsed times and ratings environment comparisons (70.83%). 
Table J- 3  Benchmark 1 All Users Statistically Significant Comparisons 
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Appendix K 
 
Benchmark 2 Statistically Significant Environment Comparisons
  
Tables K-1 (Novice), K-2 (Experienced), and K-3 (All) present a 
compilation of the statistically significant findings of the overall Benchmark 2 
testing.  The tabulation includes the significance of both the objective (elapsed time) 
measures and the subjective user ratings by category.  Overall the tables show that 
221 of the 432 Benchmark 2 elapsed time and ratings comparisons produce 
statistically significant results (51.2%).  
Table K-1 shows that 78 of the 144 novice user Benchmark 2 elapsed times 
and ratings comparisons produced statistically significant results (54.17%). 
Table K- 1  Benchmark 2 Novice Users Statistically Significant Comparisons 
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Table K-2 shows that 64 of the 144 experienced user Benchmark 2 elapsed 
times and ratings comparisons produced statistically significant results (44.44%). 
Table K- 2  Benchmark 2 Experienced Users Statistically Significant 
Comparisons 
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Similarly, Table K-3 shows that the all users Benchmark 2 elapsed times and 
ratings comparisons produced statistically significant results in 79 of the 144 
elapsed times and ratings environment comparisons (54.86%). 
Table K- 3  Benchmark 2 All Users Statistically Significant Comparisons 
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Appendix L 
 
Benchmark 3 Statistically Significant Environment Comparisons
  
Tables L-1 (Novice), L-2 (Experienced), and L-3 (All) present a compilation 
of the statistically significant findings of the overall Benchmark 3 testing.  The 
tabulation includes the significance of both the objective (distance offsets) measures 
and the subjective user ratings by category.  Overall the tables show that 247 of the 
432 Benchmark 3 distance offsets and ratings comparisons produce statistically 
significant results (57.18%).  
Table L-1 shows that 85 of the 144 novice user Benchmark 3 distance offsets 
and ratings comparisons produced statistically significant results (59.03%). 
Table L- 1  Benchmark 3 Novice Users Statistically Significant Comparisons 
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Table L-2 shows that but 60 of the 144 experienced user Benchmark 3 
distance offsets and ratings comparisons produced statistically significant results 
(41.67%). 
Table L- 2  Benchmark 3 Experienced Users Statistically Significant 
Comparisons 
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Similarly, Table K-3 shows that the all users Benchmark 3 distance offsets 
and ratings comparisons produced statistically significant results in 102 of the 144 
elapsed times and ratings environment comparisons (70.83%). 
Table L- 3  Benchmark 3 All Users Statistically Significant Comparisons 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Overall the three benchmarks produced statistically significant comparison 
in 753 of 1296 cases (58.10%).
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Appendix M 
 
Cronbach’s Alpha Reliability Calculations Detail
 385 
 
Table M- 1  Cronbach’s Coefficient Alpha - Benchmark 1 Elapsed Times 
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Table M- 2  Chronbach’s Coefficient Alpha – Benchmark 1 Overall 
Impressions Ratings 
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Table M- 3  Chronbach’s Coefficient Alpha – Benchmark 2 Elapsed Times 
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Table M- 4  Chronbach’s Coefficient Alpha – Benchmark 2 Overall 
Impressions Ratings 
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Table M- 5  Chronbach’s Coefficient Alpha – Benchmark 3 Distance 
Offsets 
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Table M- 6  Chronbach’s Coefficient Alpha – Benchmark 3 Overall 
Impressions Ratings 
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APPENDIX N 
 
Human Subjects Protection Certification 
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